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1    Introduction 
Magnetism, a fascinating property of material, has always drawn the attention of 
human society to analyze and explore its mystery. Since the discovery of magnetism in 
nature, found by the ancients in a naturally occurring magnet, a curiosity developed among 
the people about its characteristics. Pieces of magnet were firstly used as navigational 
instrument because of which it was termed as Loadstone (means course stone or leading 
stone). As the time proceeds, people started to analyze such naturally occurring 
phenomenon in a scientific way with the help of several inventions and as a result of that 
the mystery of magnetism unleashed. During the process to realize the phenomenon of 
magnetism, some outstanding facts regarding the mechanism of magnetism and its 
applications in various fields have been discovered. In the recent scenario of research and 
development, the magnetic materials are on the limelight in different application oriented 
work starting from engineering to biomedical aspects. 
Throughout the last few decades, nanotechnology has gained a remarkable relevance 
during its progress in the modern research and development. The fabrication of 
nanocomposite opens up an attractive route to obtain useful materials that can be delivered 
for several kinds of applications. As the synthesis of nanomaterials began their journey in 
the world of research, various aspects regarding the synthetic method, size and shape of 
the materials, dimensional variance and its influence on the property of materials were 
taken into consideration. In this context, nanomateri ls in the colloidal dimension gained a 
large interest among the researchers. In our daily life, we used to observe such colloidal 
system in form of smoke, fog, aerosols, milk etc. Since its discovery, several colloidal 
systems have been developed, based on inorganic and organic materials as well as hybrid 
one. Among them, polymeric colloids have attracted a great deal of interest due to their 
synthetic simplicity, different structural features and a wide range of applications starting 
from engineering to biomedical fields. Polymer particles (with or without functionality) in 
the nanometer (nm) to micron (µm) range are possible to produce from the polymeric 
colloidal system using several synthetic procedures. Among the synthetic techniques, 
miniemulsion polymerization (MEP) offers a convenient way to prepare polymer particles 
in the range between 50 to 500 nm in diameter. MEP belongs to a class of heterogeneous 
polymerization in which apart from the ingredients required in a conventional emulsion 
polymerization, a water insoluble compound (for direct MEP), termed as costabilizer (or 
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hydrophobe), is used. It is required to prevent the Ostwald ripening of the monomer 
droplets to form a stable dispersion. From the mechanistic point of view, it is the droplet 
nucleation which predominates over the micellar nucleation and as a requirement of that 
the amount of surfactant is often prescribed as essential to keep under its critical micellar 
concentration (CMC) in the recipe for MEP. From itsdiscovery, different kinds of 
homopolymers and copolymers were synthesized using MEP. After a thorough 
investigation regarding its mechanism, characteristics and outcome, MEP has turned out to 
be a suitable process for the encapsulation of nanom terials by polymer and generation of 
colloids and hybrid nanoparticles with remarkable properties. 
In this thesis work, the major goal is to synthesiz magnetic colloid that is made of 
polymer magnetic composite (PMC) nanoparticles, disper ed in aqueous medium with the 
help of miniemulsion polymerization. PMC nanoparticles have gained a large attention due 
to their potential use in several biomedical applications like magnetic resonance imaging1, 
nucleic acid purification2 etc. PMC nanoparticles have been successfully utilized in both 
therapeutic3 and diagnostic4 applications. Apart from that, PMC nanoparticles have been 
used in the production of toner materials5 and also for the separation of catalyst in 
chemical reactions6. Regarding the synthesis of PMC nanoparticles via m niemulsion 
polymerization, most of the reported works have proposed a single-step MEP process 
although only 20 wt % magnetic nanoparticles (MNP) with respect to the polymer could 
be encapsulated. Landfester et al.7 reported a strategy of multistep miniemulsion to prepare 
magnetic polystyrene (PS) nanoparticles containing 40 wt% MNP. Considering the 
complexity of the process the first aim was to find an effective pathway that can deliver a 
stable dispersion of PMC nanoparticles with high content of MNP using a single step 
miniemulsion. 
Just like the other heterogeneous polymerization system, in any MEP surfactant 
plays a significant role to determine the characteristics of the system e.g stability of the 
dispersion, nature of polymer surface, efficiency of encapsulation of nanoparticles etc. 
Both the polar and non-polar surfactants have been successfully used8 in MEP. Through 
the past decade, besides the conventional one researchers tried to search for new 
surfactants which can offer some additional advantages through their presence on the 
polymer surface. In this context, amphiphilic ionic liquid have become quite popular in the 
field of heterogeneous polymerization system. There a  already few articles which 
explored the efficiency of amphiphilic IL as surfact nt for the execution of suspension9, 
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emulsion10 or microemulsion11 polymerization. The behavior of surfactant IL has not been 
explored in MEP so far. In the thesis work, the efficiency of surfactant IL is explored. 
Considering the reported works on the synthesis of PMC nanoparticles using MEP, it 
is observed that only a low MNP content was possible to achieve. Thus the major 
challenge is to achieve somewhat higher MNP content within the PMC nanoparticles along 
with a sufficient colloidal stability. Inspired from structural features of different surface 
modifiers12-14 that were used to modify the surface of MNP, it was planned to use a 
carboxyl functionalized ingredient in the recipe of MEP to provide better interaction of 
MNP with the polymer chains. In the recent era of plymer synthesis, reversible addition 
fragmentation chain transfer (RAFT) polymerization ffers an easy pathway to produce 
functionalized polymers with a nice control over the molecular weight distribution. Herein, 
the efficiency of RAFT polymerization is utilized and PMC nanoparticles are synthesized 
via RAFT mediated miniemulsion polymerization of styrene using a carboxyl 
functionalized chain transfer agent (CTA). The influence of carboxyl functionalized CTA 
on the characteristics of PMC nanoparticles is analyzed in detail. 
On the other hand, costabilizer (hydrophobe) plays n important role to retard the 
diffusion of monomer (called Ostwald ripening) from s aller to larger droplets. Among 
the costabilizers which are frequently used in miniemulsion polymerization, hexadecane is 
considered to be one of the most effective one and thus, it is broadly covered in the 
literature. Being a volatile organic compound (VOC) hexadecane is not an ideal substance 
to be a part of the material for application purpose. So it is aimed to replace hexadecane 
with a non-volatile substance. In the present context, carboxyl functionalized polymer is 
thought to be a perfect replacement for hexadecane. Th  motivation here came from 
several directions. Firstly, the polymer will remain in the composite particles after the 
polymerization due to its non-volatile nature. Secondly, presence of carboxyl functionality 
within the droplets may improve the interaction of polymer particles with MNP. A 
carboxylated polystyrene, synthesized using thermal bulk RAFT polymerization, has been 
used as macro RAFT agent in the MEP of styrene in presence of MNP and the efficiency 
of macro RAFT agent (or macro CTA) as costabilizer for miniemulsion is investigated.     
Before the discussion about experiments and outcomes, it is necessary to look at the 
published work related to the system under investigation and also to the ingredients of the 
system which will be dealt in this thesis. The next section deals with the present state of 
the art and following the literature survey, the aim of the work has been set precisely. 
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2 State of the art 
2.1 Polymer magnetic composite nanoparticles  
2.1.1 Introduction of polymer magnetic composite nanoparticles and 
their preparation techniques 
Polymer magnetic composite nanoparticles (PMC) both as dispersion and as solid 
particles have been under intense investigation throughout the last few decades. The 
presence of magnetic nanoparticles (MNP) within or on the surface of the polymer 
particles proved to be an effective material for several kinds of application. The ongoing 
demand for PMC nanoparticles required suitable methods to produce such materials. In 
this part different synthetic methods have been discus ed to highlight present state of the 
art regarding the synthesis of PMC nanoparticles. 
A very common technique of producing magnetic nanoprticles with polymer 
coating is the synthesis of MNP in aqueous medium in presence of polymeric stabilizer. 
MNP surrounded by a hydrophilic polymer shell was synthesized by precipitation of MNP 
in presence of polymeric stabilizers like poly(vinyl alcohol) (PVA)15, sodium 
poly(oxyalkylene di-phosphonates)16, poly(ethylene glycol)17 etc. Sauzedde et al.18  
reported one method for producing magnetic polymer lat x in which synthesis of polymer 
particles and MNP was performed separately and then the dispersions were mixed together 
to allow either physical or chemical interaction betw en MNP and polymer particles. The 
MNP was synthesized according to the classical co-preci itation method of ferric and 
ferrous chloride salt using a concentrated sodium hydroxide solution whereas the 
polystyrene (PS), Poly(styrene/N-isopropylacrylamide) (PNIPAM) core–shell and 
PNIPAM latexes were produced via emulsion or precipitation polymerizations. The 
adsorption of MNP into the polymer particles was studied as a function of iron oxide 
particle concentration, charge density and the cross-linking density of the hydrophilic 
polymer layer.  
Heterophase polymerization has been used in an effective way to produce magnetic 
polymer particles of different size and morphology. Shen et al.19 prepared amino-
functionalized magnetic polymers via suspension polymerization for removal of chromium 
(VI) in wastewater. In this work, the paramagnetic Fe3O4 was firstly modified with OA. 
Methyl methacrylate (MMA), divinylbenzene (DVB) and glycidylmethacrylate (GMA) 
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were then co-polymerized via the suspension polymerization from the surface of OA 
modified MNP to obtain epoxy-functionalized magnetic polymer. Finally, ethylenediamine 
was grafted onto the surface of the polymer via ring-opening reaction of the epoxy moiety 
(Scheme 1). 
MeO O
CH2Me
O
O O
O
OMe
O
O
a b c
m
m
cba
O
O
OMe
O
OH
NH NH2
Polymerization
Amino functionalization
Oleic acid modified Magnetic nanoparticle (Fe3O4)  
Scheme 1: Scheme for the preparation of amino functionalized magnetic polymer particles 
using suspension polymerization. 
Wang et al.20 used pickering suspension polymerization to prepare magnetic polymer 
microspheres having polymer cores covered by MNP shell. Here MNP (Fe3O4) act as 
effective stabilizers during suspension polymerization of styrene in presence of benzoyl 
peroxide (BPO) as initiator and also as building blocks for preparation of hybrid 
nanoparticles after polymerization (Fig. 1). 
 
 
Figure 1: Pickering suspension polymerization of styrene using magnetic nanoparticles as 
stabilizer. 
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Magnetic poly(glycidyl methacrylate) nanoparticles was successfully prepared by 
Horak et al.21 using dispersion polymerization. The polymerization was carried out using 
azo-bis(isobutyronitrile) (AIBN) as initiator and poly(vinylpyrrolidone) (PVP) as stabilizer 
in a water/alcohol mixture. In another publication, Horak et al. synthesized magnetic 
poly(2-hydroxymethyl methacrylate) particles in thepr sence of different geometrical iron 
oxide nanoparticles in a non-aqueous medium. Around 15 wt% iron oxide could be 
incorporated in the polymer particles using this method22. 
Emulsion polymerization was also used successfully for the preparation of PMC 
nanoparticles. Qu et al.23 used seeded emulsion polymerization to prepare magnetic 
polystyrene nanoparticles in water as dispersion medium with the aim to successfully 
encapsulate magnetite particles and to improve particle size distribution as well. Zhang et 
al.24 successfully prepared magnetic polymer enhanced hybrid capsules (MPEHCs) for the 
application in controlled drug release using a novel Pickering emulsion polymerization. 
Methacryloxypropyltrimethoxysilane modified silica nanoparticles were used as stabilizer 
for the emulsion. Styrene and 4-vinylpyridine were used as monomer. The hydrophobized 
MNP was synthesized using well-known co-precipitation technique in presence of OA. 
The synthetic scheme of MPEHCs is illustrated in Fig. 2. 
 
Figure 2: Fabrication of magnetic polymer enhanced hybrid capsules. 
From the last decade, microemulsion polymerization has been effectively used for 
preparing magnetic polymer particles in colloidal dimension. Liu et al.25 reported the 
synthesis of polymer coated magnetic microspheres using direct microemulsion 
polymerization technique. OA coated MNP has been synthesized and dispersed in the 
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monomers like styrene, methacrylic acid, acrylamide in presence of SDS and cetylalcohol 
to prepare the microemulsion. Finally the polymerization was performed in presence of 
BPO or potassium persulfate (KPS) as initiator. Elaiss ri et al.26 applied inverse 
microemulsion polymerization to prepare hydrophilic submicron magnetic polymeric 
particles. In this work, acrylamide and N,N′-methylene bis(acrylamide), as monomer and 
crosslinking agent respectively, were added to the aqueous suspension of previously 
synthesized iron oxide nanoparticles. The aqueous pha e was dispersed in a mixture of 
sodium 1,4-bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate) (AOT) and toluene to form 
an water/oil microemulsion. It was then polymerized in presence of AIBN or V50 as 
initiator. 
Apart from the above heterogeneous polymerization techniques, miniemulsion 
polymerization has been one of the most frequently used method to prepare such colloidal 
hybrid nanoparticles. Due to the predominant droplet nucleation during the 
polymerization, MEP has been utilized efficiently b various groups to encapsulate 
inorganic/organic materials by polymers. Preparation of ferrofluid and magnetic polymer 
particles in colloidal dimension has been successfully performed by MEP. Moreover, 
much higher amount of MNP was possible to incorporate in the polymer particles 
compared to the other heterogeneous systems. In the pres nt thesis, the magnetic polymer 
nanoparticles have been synthesized using MEP and thus, o find the present state of the 
art in this field a separate section (section 2.5) has been created to highlight it more 
intensely. 
2.1.2 Application of polymer magnetic composite nanoparticles   
Polymer magnetic composite nanoparticles offer a wide range of application in the 
area of biomedical and bio-related fields. As for example, PMC nanoparticles have been 
successfully employed as materials for nucleic acid extraction and purification2. For this 
purpose, hydrophilic magnetic latex consisting of poly(N-isopropylacrylamide) as 
polymeric shell and iron oxide as magnetic core was synthesized using precipitation 
polymerization method. The presence of cationic charge on the surface of the particles was 
proved to be favorable for nucleic acid adsorption–desorption by adjusting the pH and 
salinity of the medium. The adsorption of nucleic acids onto the latex particles was found 
to be governed by electrostatic attraction. The PMC nanoparticles were also effective in 
removing inhibitors from clinical specimens.  
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PMC nanoparticles bearing functional groups on their surface have been successfully 
employed as support for enzyme immobilization27. Magnetic poly(vinyl alcohol) (PVA) 
microspheres were synthesized by crosslinking glutaraldehyde. The activation of hydroxyl 
groups of PVA was done by a carbonylating agent called, 1,1′-Carbonyldiimidazole. 
Finally, the enzyme (invertase) was immobilized onto the magnetic microspheres through 
the covalent interaction between amino groups of enzyme and carbonyldiimidazole moiety 
of the magnetic microspheres. The scheme of the immobilization process is illustrated in 
Scheme 2.   
OH N C
N
N
N
O
C N
N
O
O
EnzymeH2N
O C NH
O
Enzyme
  Magnetic 
microsphere
Carbodiimidazole   Activated 
microsphere
Immobilized enzyme
 
Scheme 2: Schematic representation of the activation of magnetic polyvinylalcohol 
microspheres with 1,1′-carbonyldiimidazole and covalent immobilization of enzyme onto 
the microsphere. 
Polymer coated iron oxide nanoparticles have potential as targeted and controlled 
drug carriers for cancer treatment. Nguyen et al.28 synthesized poly(N-
isopropylacrylamide-acrylamide-allylamine)-coated iron oxide nanoparticles as targeted 
drug carrier for thyroid cancer treatment. The in vtro studies proved that the magnetic 
polymer particles can be effectively utilized as potential drug carriers in the thyroid cancer 
treatment. 
Magnetic nanoparticles embedded in polylactide-co-glycolide matrixes (PLGA-
MNP) have been used as dual drug delivery system by encapsulating both hydrophobic 
and hydrophilic drugs29. The PMC nanoparticles used in this study could deliver both 
drugs alone or in combination with a sustained release manner. In addition, the PMC 
Chapter 2: State of the art 
11 
 
nanoparticles were found to be an effective one as a contrast agent which could contribute 
to the imaging aspects in the treatment of cancer. 
PMC nanoparticles have been proved to be highly effici nt for rapid and effective 
isolation of antibodies from human serum. Qian et al.30 prepared magnetic copolymer 
particles using miniemulsion copolymerization of styrene and vinyl acetate in presence of 
MNP. These magnetic copolymers were modified with a thiophilic ligand using 
divinylsulfone activated 2-mercaptonicotinic acid (Scheme 3). Finally the thiophilic 
functionalized magnetic copolymers were effectively used to isolate antibody from human 
serum.  
O C CH3
O
OH
Divinylsulfone
2-mercaptonicotinic acid
O CH2 CH2 S CH2 CH2
O
O
S
N
COOH
Acyl functionalized
magnetic copolymer
Hydroxyl functionalized
magnetic copolymer
Thiophilic magnetic copolymer  
Scheme 3: Functionalization of magnetic copolymer particle with thiophilic ligand for the 
isolation of antibody from human serum. 
Beside the biomedical applications, PMC nanoparticles have been used in several 
other fields also. Extraction of active chemical compounds from natural source is one of 
the significant research areas in the pharmaceutical and chemical industries. In this 
context, β-cyclodextrin modified MNP have become quite popular in this field as it is easy 
to separate and its absorbability can be improved by modifying cyclodextrin with suitable 
functional groups. Carboxymethyl-β-cyclodextrin modified iron oxide nanoparticles were 
successfully used to enhance the adsorption capacity nd to analyze metals31 and 
methylene blue32. Gong et al.33 synthesized carboxymethyl-hydroxypropyl-β-cyclodextrin 
modified Fe3O4 nanoparticles and used for magnetic solid phase extraction of rutin (a 
citrus flavonoid glycoside found in buckwheat). The r sults demonstrated that the 
magnetic composite particles are highly efficient for the extraction and analysis of rutin.    
PMC nanoparticles were also used efficiently as a support for catalyst and its easy 
recovery from the mixture after the reaction. Bian et al.34 prepared poly(vinlpyrolidone) 
based magnetic nanoparticles onto which gold (III) catalyst was immobilized. The solid 
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magnetic support was synthesized by anchoring 3-methacryloxypropyltrimethoxysilane 
(MPS) onto the silica coated Fe3O4 followed by free radical polymerization with N-vinyl-
2-pyrrolidone (Scheme 4). The supported catalyst showed comparable activity as that of 
AuCl3 in the aromatic bromination reaction. Furthermore, it was easy to recover and could 
be used repeatedly 4 times without any loss of activity. 
 
Scheme 4: Schematic representation of immobilization of gold (III) catalyst onto 
poly(vinlpyrolidone) based magnetic nanoparticles. 
The PMC nanoparticles also find their potential in the development of toner particles 
used in xerographic process5. The toner particles are generally composed of three basic 
raw materials: polymer, colorant (pigment) and small amount of additives. Magnetic 
nanoparticles constitute a significant part as pigment of the toner composition. The 
polymeric resin constitutes the bulk of the toner pa ticles and plays the vital role in the 
xerographic process. The melt characteristics of the resin enable the toner to bind with the 
paper. On the other hand, the magnetic material used to play the role of pigment and also it 
enhances the ability of the particles to develop a charge which is a very important aspect in 
this process. 
Thus the versatility in the application of PMC nanoparticles as discussed here, 
demands easy, facile synthetic technique that can produce particles in large amount with 
reproducibility in the characteristics. To fulfil the necessary requirements to be used in 
applications like biomedical one, the PMC nanoparticles must have some characteristics 
like monodisperse particle size distribution, high and uniform magnetic content, sufficient 
colloidal stability in the carrier liquid, no iron leaking and no toxicity.  Among the 
different techniques which are used to prepare hybrid nanoparticles, miniemulsion 
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polymerization is regarded as one of the efficient process that is capable of producing 
hybrid polymer nanoparticles with above mentioned characteristics. In the present thesis 
work, PMC nanoparticles have been synthesized using m iemulsion polymerization. The 
characteristics of this technique are discussed in detail in the following section.     
2.2 An overview on miniemulsion polymerization 
The main focus of the present thesis is to prepare PMC nanoparticles using MEP. 
Thus before entering into the present state of art regarding the synthesis of PMC 
nanoparticles by MEP, an intense knowledge about the different aspects of MEP like 
principle, mechanism, ingredients and their influence on the characteristics of MEP is 
essential. Under the following subsections, some important facts about MEP starting from 
its discovery, progress and applications have been discussed.   
2.2.1 Early work on miniemulsion polymerization 
According to a review published by Schork et al.35 in 2005, the journey of 
miniemulsion began through a discussion between Prof. J hn Ugelstadt and John 
Vanderhoff in the Department of Chemistry at Lehigh University. At that time micellar 
nucleation was considered to be the predominant mechanism for particle nucleation in the 
field of emulsion polymerization. During their discussion, an idea developed about 
performing nucleation in monomer droplet and that had driven them to investigate such an 
emulsion system which consists of monomer droplets rather than micelles. The task was 
given to a postdoctoral student in Vanderhoff’s labor tory, Dr. Mohamed S. El-Aasser. 
Their investigation led to the 1st publication36 which spoke about ‘Emulsion 
polymerization: initiation of polymerization in monomer droplets’ in the year of 1973. 
In that article, the polymerization of styrene was performed in presence of a combination 
of sodium dodecyl sulfate (SDS) and a fatty alcohol (cetyl alcohol) as stabilizer for 
emulsion. The combined stabilizer system resulted in a more stable emulsion, added with 
smaller average droplet size as compared to the syst m with SDS alone. Moreover, the 
particle size of the latex was similar to that of monomer droplets. These findings were 
explained on the basis of a consequence of monomer droplets being the significant loci of 
the nucleation rather than the micelles. This preference of droplets over the micelles was 
due to the occurrence of smaller average particle siz of monomer droplets than the 
conventional emulsion system which resulted in a larger surface area of the droplets and as 
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a consequence of that a large amount of surfactant w s adsorbed on the surface of droplets. 
This in turn made the concentration of surfactant lower in the aqueous phase and so the 
restriction of radical flow due to crowding of surfactant in aqueous phase became 
significantly lower or negligible. The above facts helped the monomer droplets to capture 
radicals that were generated in the aqueous phase and the droplets became a dominant site 
for nucleation. Another interesting observation was the similar size of monomer droplets 
and latex which gave an indication of preferential droplet nucleation otherwise it would 
have been a difference in size like a conventional emulsion polymerization. 
The above phenomenon of ‘polymerization in monomer droplets’ created an open 
era of research for the scientists in the late 70’sto investigate this kind of system in more 
detail. To distinguish from much larger-size macroemulsions and the smaller-size 
microemulsions it was termed as ‘miniemulsion’37. Following 3 decades produced a large 
number of articles, reviews and books related to miniemulsion with its characteristics and 
applications. In 2002, a detail discussion on the pr paration and polymerization of 
monomer miniemulsion was published by José M. Asua38. Schork et al.35 published a 
review articles in 2005, emphasizing on the critical fe tures and advantages of MEP. The 
kinetics of MEP was also discussed in a review paper by Capek and Chern et al.39 in 2006. 
Apart from that the group of Prof. Landfester in Max Planck institute of polymer research 
in Mainz, Germany has investigated a lot about the mechanism, properties and applications 
of MEP and published numerous articles in this field. All the investigations have 
established miniemulsion as a promising system from b th academic and industrial point 
of view. 
2.2.2 A brief look on the mechanism of miniemulsion polymerization 
Particle nucleation mechanism in a heterogeneous polymerization is generally 
divided into three categories: micellar, homogeneous and droplet nucleation. In principle, 
all three types can occur simultaneously in every pol merization. However, depending on 
the type of emulsion the mechanism varies.  As for example, in macroemulsion 
(commonly known as conventional emulsion) polymerization, it is the micellar and 
homogenous nucleation that predominates over the droplet one. The reason lies behind the 
low interfacial area of the large monomer droplets which make them ineffective in 
competing for water-borne free radicals. Some droplet nucleation eventually takes place in 
macroemulsion polymerization but it is really of insignificant amount. To make the droplet 
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nucleation a predominant one over the other nucleation mechanism, the size of the 
monomer droplet must be below ~500 nm. This makes th  droplets with high interfacial 
area and thereby highly susceptible to attract the free radicals present in the aqueous phase 
for the nucleation. Moreover, the high interfacial area of the droplets requires a monolayer 
of surfactant to gain stability. This in turn, breaks the already formed micelles in the 
aqueous phase from which the surfactants are attracted to fulfil their requirement on the 
droplet surface. In principle, there should not be any micelle present in a properly 
formulated miniemulsion. For this purpose, the surfactant concentration is prescribed to 
keep lower than its CMC. The absence or very low concentration of micelles in 
miniemulsion helps the monomer droplets to be the predominant sites for nucleation. This 
is what the mechanism of miniemulsion is all about. The monomer droplets finally 
converted to the polymer particles in presence of the initiator in the system and thus it is 
basically a 1:1 copy of the monomer to the polymer aintaining the droplet to particle size 
constant throughout the process of polymerization. As the polymerization only occurs 
within the monomer droplets (not in the micelles), each droplet is termed as individual 
‘nanoreactor’ and it has been observed that from 50 nm to 500 nm size polymer particles is 
possible to synthesize using MEP. A schematic diagram of the steps of MEP has been 
shown in Fig. 3 which represents the occurrence of droplet nucleation in the system. 
 
Figure 3: Model representation of the progress of miniemulsion polymerization showing 
droplet nucleation. 
To create such monomer droplets via sacrificing the micelles, the emulsion (namely 
pre-emulsion) requires the application of a high shear force through sonication or 
mechanical devices. Sonication has been the popular one in the laboratory investigations 
however it is not a useful one for the large-scale production. To find some alternatives for 
sonication process, Schork et al.40 used a mechanical homogenizer to prepare monomer 
droplets within the submicron range for a continuous MEP. A comparative study between 
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a sonication induced miniemulsion and a homogenizer induced one showed a difference in 
the kinetics of polymerization. It was explained on the basis of oxygen inhibition in the 
polymerization in the homogenizer induced miniemulsion system.  
The monomer droplets, once formed with the help of shear force, needs to be 
stabilized from coalescence which is generally caused by Brownian motion, settling or 
Stokes law creaming. The presence of surfactant on the surface of droplets helps to retard 
the possible coalescence by any means. On the otherhand, the monomer droplets (even 
though they are expected to have similar size) in reality, must have a statistical distribution 
of the droplet sizes. It leads to the diffusion of monomer droplets through the aqueous 
phase (for direct miniemulsion) from the smaller into the larger ones. This phenomenon of 
diffusion is termed as Ostwald ripening. As the solubility of monomer in the aqueous 
phase increases, the extent of diffusion becomes higher. The driving force for Ostwald 
ripening comes from the reduction in interfacial energy of the system via the diffusion of 
smaller droplets of high interfacial area into the larger one having much lower interfacial 
area. In order to prevent Ostwald ripening, a costabilizer (also termed as cosurfactant) is 
added which retards the monomer diffusion process. In an ideal condition, the costabilizer 
should be highly insoluble in continuous medium so that it cannot be diffused through the 
continuous medium. In presence of costabilizer, the diffusion of monomer from smaller 
droplets results in an increase of the concentration of costabilizer in those droplets which is 
associated with increase in free energy. On the othr hand, the Ostwald ripening process 
decreases the interfacial energy as a result of reduction in interfacial area of the droplets. 
At some point, this two acts balance each other and a steady state develops which stops the 
monomer diffusion and forms a stable miniemulsion. As most of the costabilizers have 
some water solubility, the Ostwald ripening usually proceeds but the retardation makes it 
so much slower that it becomes insignificant compared to the time scale of polymerization. 
Details about the different kinds of costabilizer are discussed in the section 2.2.4. 
2.2.3 Surfactants in miniemulsion polymerization 
Surfactant plays an important role in MEP regarding the stabilization against 
coalescence by providing either electrostatic or steric stabilization to the monomer 
droplets. In the recipe of MEP as described in the li erature so far, anionic surfactant like 
SDS has been the most frequently used one. However, other kinds of surfactants e.g. 
cationic, non-ionic, polymerizable surfactants have also been used successfully to 
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formulate the miniemulsion. The 1st cationic surfactant stabilized emulsion consisting 
monomer droplets was performed in 1976 by Ugelstad e  al.41 with octadecyl pyridinium 
bromide as surfactant and n-fatty alcohol of different chain length as additional stabilizer. 
Later in 1980, Chou et al.37 used hexadecyl trimethylammonium bromide-cetyl alcohol 
mixture to formulate styrene droplets in emulsion. In those days, the emulsification was 
performed using ordinary stirring equipment and as a result, a very broad distribution of 
droplet sizes was observed. In the late 90’s Landfester et al.8 performed MEP of styrene 
using cationic cetyltrimethylammonium (CTMA) surfact nts with different counter anions. 
It was observed that these surfactants used to produce similar particle sizes as that of 
anionic surfactants when used at the similar molecular amount. The authors showed the 
reaction calorimeter data to demonstrate the concept of MEP which is basically a 1:1 copy 
of the monomer droplets to the polymer latex. Landfester et al. effectively employed 
cationic surfactants with sulfonium headgroups to prepare miniemulsion42. A variety of 
sulfonium surfactant architectur in terms of the hydrophobic chain length, counter ionic 
part of the sulfonium ion, different shape of the surfactant architecture have been 
synthesized43 and applied as surfactant. Grieser et al.44 synthesized PMMA and poly (butyl 
acrylate) (PBA) lattices via MEP in presence of a cationic surfactant, 
dodecyltrimethylammonium chloride.  
The non-ionic surfactant also proved to be efficient to formulate miniemulsion. 
Schork et al.45 performed MEP of vinyl acetate in presence of PVA as non-ionic surfactant 
and hexadecane as costabilizer. It was observed that the droplet size was higher than that 
of an anionic surfactant (SDS), used in same concentration. Chern et al.46, 47 used 
nonylphenol polyethoxylate (a non-ionic surfactant having an average of 40 ethylene 
oxides per molecule), in combination with a reactive costabilizer like dodecyl methacrylate 
(DMA) or stearyl methacrylate (SMA) to prepare stable miniemulsions of styrene. 
Landfester et al.8 prepared a stable miniemulsion of styrene using Lutensol AT50 as 
surfactant and a very well defined latex was obtained. The particle size of the latex was 
comparatively larger than for that of SDS, when used as surfactant at the same molecular 
level. Schork et al.48 investigated the efficiency of Brij-35 [polyoxyethylene (23) lauryl 
ether], a non-ionic surfactant which produced a stable latex of poly (vinyl acetate). Guyot 
et al.49 synthesized poly (vinyl acetate) with a high solid content (50%) using MEP, 
stabilized by a combination of SDS and non-ionic surfactant nonylphenol ethoxylate 
(Triton X-405). Conductometric measurements showed an incomplete coverage of the 
monomer droplets by SDS. During polymerization a part of this SDS desorbed and that 
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was replaced either by Triton or by charged oligomers formed from the initiator, mainly at 
high conversion. 
Block copolymers also proved to be very useful for stabilizing the miniemulsion. 
Chen et al.50 performed MEP of styrene in presence of poly (methyl methacrylate-b-2-
(dimethylamino) ethyl methacrylate) as surfactant and hexadecane as costabilizer. Baskar 
et al.51 prepared PS latex with narrow distribution of particles in a size range of 100−250 
nm by MEP. It was stabilized by a comblike polymer made of octadecyl side chains with a 
statistical distribution of carboxylic groups. It was described that the polymer was 
supposed to undergo a reorganization process with octadecyl groups covering the styrene 
phase and the retaining carboxylate groups being located at the interface. The polymer was 
proved to be efficient for working as a surfactant s well as a costabilizer. Durand et al.52 
performed MEP of styrene using an amphiphilic derivatives of dextran, with a high degree 
of modification, as a surfactant. As a result of that they could synthesize polysaccharide-
covered nanoparticles in a simple way. Kim et al.53 used a reactive poly(ethyleneoxide)–
poly(propyleneoxide)–poly(ethyleneoxide) triblock copolymer as a macromolecular 
surfactant for performing MEP of styrene. About 50 nm PS nanoparticles were synthesized 
and it was observed that the surface of PS particles were richly covered with 
poly(ethyleneoxide) group. Ou et al.54 formulated a miniemulsion of styrene using a 
polyampholyte triblock copolymer as surfactant and HD as costabilizer. Uniform 
microsphere of PS was synthesized. The triblock copolymer was synthesized using MMA, 
methacrylic acid and 2-(dimethylamino) ethyl methacrylate as three monomers. The 
monomer droplet size and their shelf life test revealed the efficiency of the polyampholyte 
as a stabilizer in miniemulsion. A nice review article was published by Durand et al.55 
regarding the macromolecular surfactants which tells about the characteristics and 
application of several polymeric surfactants (homopolymer, copolymer and block 
copolymer) in the field of miniemulsion and macroemulsion polymerization. 
Apart from the above discussion about different surfactants, a new class of 
compound, called ionic liquid (IL) has entered into the world of surfactants. Throughout 
the last decades, the role of IL has been explored in ifferent kinds of heterogeneous 
polymerizations. In section 2.6, the state of the art regarding the efficiency of IL as 
surfactants will be discussed in detail. 
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2.2.4 Costabilizers in miniemulsion polymerization 
Since the discovery of droplet nucleation in emulsion system, selection of a proper 
costabilizer has been a matter of intense research work to maintain and to improve the 
stability of the droplets. An efficient costabilizer must have the properties like high 
monomer solubility, low water solubility (for direct MEP) and low molecular weight. 
Through the period of mid 70’s, the costabilizers, those were used to formulate 
miniemulsion, were either cetyl alcohol or hexadecan  36, 56. In case of cetyl alcohol, the 
presence of polar hydroxyl group makes its existence towards the surface of droplets 
thereby imparting an additional colloidal stability. According to Lack et al.57, the 
surfactant and costabilizer organized themselves in uch a way that they could form an 
interfacial layer at the oil/water interface, as evid nced from the experiment with a 
spinning drop interfacial tensiometer. This interfacial layer could act as a barrier to 
coalescence and diffusion. The preparation of the emulsion also has an importance on the 
stability of miniemulsion as in case of fatty alcohol as stabilizer, a pre-mixing of the 
surfactant and costabilizer in the water phase is needed before the addition of monomer so 
that the emulsifiers can orient themselves at the mono er/water interface. Lack et al.58 
found the existence of liquid crystal in the dilute solution of mixed emulsifiers which was 
proved by birefringence and viscosity measurements. Choi et al.59 performed MEP of 
styrene successfully in presence of SDS as surfactant and cetyl alcohol as costabilizer. On 
the other hand, investigation was also going on with long chain alkane as costabilizer. 
Ugelstad et al.60 proposed that the alkanes stabilize the droplets via controlling the 
diffusion process. Later, it was proved by Delgado et al.61 that the stability of monomer 
droplets comes as a result of the control of diffusion in case of miniemulsion having SDS 
as surfactant and hexadecane as a costabilizer. No evidence was found on the existence of 
any liquid crystal at the interface, like that of cetyl alcohol stabilized miniemulsion system. 
The non-existence of liquid crystal at the oil/water interface was supported by the fact that 
no optimum ratio between surfactant and costabilizer was required to formulate the 
miniemulsion. As a comparative study, Azad et al.41 found that the long chain alkane 
formulates more stable miniemulsion than a fatty alcohol costabilizer. 
Beside the long chain alkanes and fatty alcohols as costabilizers in MEP, researchers 
tried to investigate other kinds of compounds and their efficiency as costabilizer. 
Moreover, the possibility of avoiding a volatile organic substance (hexadecane) or a 
compound that has water swelling ability (cetyl alcohol) in the final latex had driven the 
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scientists to investigate different polymeric compounds as costabilizer in MEP. 
Considering the requirements of a costabilizer in the direct MEP, water insoluble polymer 
was thought to be an effective substituent of hexadc ne or cetyl alcohol. As most of the 
polymers are soluble in their respective monomer, it was easy to select the costabilizer. 
But polymer having high molecular weight is not expcted to be an effective costabilizer 
as reported from the swelling experiments and theoretical swelling calculations60. In 1996, 
Schork et al.62 performed MEP of MMA using PMMA as costabilizer. PMMA with 
different molecular weight was prepared by solution polymerization and the influence of 
molecular weight of PMMA was investigated along with other characteristics of the 
miniemulsion system. It was observed that even a theoretically poor costabilizer (what the 
polymers actually are) is good enough to cause droplet nucleation and to produce stable 
latex particles with considerably low dispersion index. The inclusion of ~4 wt% PMMA 
with respect to MMA could retard the monomer diffusion in significant amount. An online 
conductance measurement of the miniemulsified system proved the predominant droplet 
nucleation. The polymeric costabilizer was proved to be as good as hexadecane in 
stabilizing the monomer droplets for the required time period to ensure nucleation. In 
another article, Schork et al.63 showed that the presence of polymeric costabilizer could 
enhance the robustness of the nucleation process to recipe variations, inhibition levels, and 
changes in the operating procedure like rate of initiation or rate of agitation. The 
reproducibility in particle size and particle number was achieved through the use of 
polymeric costabilizer due to the robustness of the system which was proved to be a 
significant output for the coating industry where th  reproducibility in the particle size and 
number is an important issue. 
Apart from PMMA, other polymers like PS or poly (vinyl acetate) (PVAc) were also 
used as costabilizer in MEP. Schork et al.45 performed MEP of vinyl acetate in presence of 
poly (vinyl alcohol) as surfactant. They used hexadecane and different polymers like PS, 
PMMA and PVAc as costabilizers. It was observed that e polymeric costabilizers could 
not produce stable miniemulsion like hexadecane but they could retard the Oswald 
ripening well enough to execute droplet nucleation. Aizpurua et al.64 investigated the 
influence of polymeric costabilizer on the stability of miniemulsion of vinyl acetate and 
the kinetics of the polymerization. PS and PVAc were used as costabilizers. It was 
reported that around 60% phase separation was observed in 20 minutes when polymeric 
costabilizer was used to stabilize the miniemulsion. Samer et al.40 showed the role of high 
shear in continuous MEP of MMA where PMMA was used as a polymeric costabilizer. 
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Predominant droplet nucleation was possible to achieve which proved the efficiency of 
PMMA as a costabilizer in MEP. Schork et al.65 performed MEP of different acrylic 
monomers (three-component acrylic system consisting of MMA, butyl acrylate, and 
acrylic acid) in presence of unsaturated polyester resin. It was demonstrated that the 
hydrophobic resin can stabilize the miniemulsion like a conventional costabilizer e.g. 
hexadecane. The same group66 also used an oil-modified polyurethane resin as a 
costabilizer to perform MEP of similar acrylate system.  
All the above articles regarding the use of polymeric costabilizer in MEP indicate 
that polymers are not as efficient as conventional costabilizer (e.g. hexadecane) 
considering the duration of stability but the retardation of Ostwald ripening is strong 
enough to stabilize the monomer droplets until nucleation and throughout the 
polymerization process. 
 Not only were polymers used as hydrophobe, investigation also continued with 
hydrophobic monomers as a costabilizer in direct MEP. Reimers et al.67 performed MEP of 
MMA in presence of different hydrophobic monomers like p-methylstyrene, vinyl 
hexanoate, vinyl 2-ethylhexanoate, vinyl n-decanoate and vinyl stearate as costabilizers. It 
was reported that these comonomers can retard the Ostwald ripening well enough to 
execute predominant droplet nucleation in the system. Chern et al.46, 47 used dodecyl 
methacrylate (DMA) and stearyl methacrylate (SMA) separately as a costabilizer in MEP 
of styrene. SMA proved to be more effective than DMA to retard the diffusional 
degradation of styrene droplets. Moreover, the methacrylate group was incorporated into 
the latex particles via copolymerization, as indicated by IR spectroscopy.  
Water insoluble initiator has also been used to retard Ostwald ripening in a direct 
MEP. Reimer et al.68 used lauroyl peroxide (LPO) as an initiator to polymerize MMA via 
MEP. The results showed that LPO can also act as an effective costabilizer in MEP above 
the concentration of 0.01 wt% with respect to MMA. sua et al.69 performed a 
comparative study between different oil-soluble initiators (LPO, BPO and AIBN) 
regarding their ability to retard the monomer diffusion in the MEP of styrene, in absence 
of any added costabilizer. It was observed that only LPO was capable of retarding the 
monomer diffusion. In case of other two initiators, large polymer particles were developed 
which indicated high extent of monomer diffusion during the polymerization.  
 In case of RAFT mediated MEP, the hydrophobic chain transfer agent (CTA) has 
been utilized as a replacement of conventional costabilizer beside its role in controlling the 
molecular weight. Mouran et al. polymerized MMA via RAFT mediated MEP in presence 
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of dodecyl mercaptane. It was observed that the CTA alone could retard the Ostwald 
ripening and the miniemulsion was stable more than 3 months. The molecular weight of 
PMMA was much lower than that obtained via corresponding macroemulsion 
polymerization. The reduction in molecular weight of PMMA clearly indicated the 
presence of CTA with its activity in the droplets throughout the polymerization. This also 
confirmed occurrence of predominant droplet nucleation in the system.  
The above study regarding the use of costabilizers in MEP reveals the possibility of 
using various kinds of compounds e.g. monomer, initiator, CTA and polymer according to 
the necessity of the process. For the purpose of the present thesis, investigations have been 
performed with a conventional costabilizer like hexadecane as well as a functional 
polymeric costabilizer. The intension of using a functional costabilizer will be explained in 
detail later in this document.   
2.3 Application of miniemulsion polymerization: Synthesis of 
hybrid polymer nanoparticles 
Polymeric nanoparticles with different encapsulated materials (organic or inorganic) 
are of great interest in various applications ranging from engineering to biomedical 
aspects. Emulsion polymerization has often been used for preparing such materials 
although the limitation of diffusional characteristic  in the mechanism of emulsion 
polymerization restricts its utilization. After the establishment of droplet nucleation, MEP 
came out as an efficient pathway to circumvent these problems. The event of monomer 
droplet formation and subsequent 1:1 copy to the polymer particles offered a suitable 
environment for the encapsulation of different nanoparticles, ranging from solid to liquid 
or from hydrophobic to hydrophilic in nature. Landfester et al.70, 71 published review 
papers on the application of miniemulsion polymerization to encapsulate various 
nanomaterials. In the ongoing section, due to the limitation of space, only a brief 
discussion on this issue will be presented. 
2.3.1 Encapsulation of soluble materials 
Materials, which are soluble in the monomer phase, can easily be incorporated 
within the polymer particles using MEP. The material needs to be dissolved in the 
monomer before miniemulsification. During the polymerization, the material remains 
within the polymer particles due to the absence (or retardation) of any diffusional process 
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in MEP. Sometimes a phase separation is observed whn the material is not soluble in the 
polymer phase. In that cases, a smaller or larger domain of the material is observed 
throughout the polymer particles or a core-shell morph logy develops in case of 
agglomerated materials. 
    MEP has been used to protect different kinds of flu rescent dyes. Encapsulation of 
europium-β-diketonato complexes by PS particles resulted in a four times higher quantum 
yield in presence of water compared to that of non-encapsulated one72 which proves the 
efficiency of encapsulation regarding environmental protection through MEP. Pyrene, a 
fluorescent probe, was encapsulated efficiently via MEP of MMA73. It was observed that 
the pyrene could be highly protected, even in the pr sence of efficient quencher like 
titanium sulfate or water. Similar results were obtained in case of pyrene derivatives which 
were incorporated in PS particles using MEP74. A photostable nanocolorant was prepared 
by encapsulating styryl and azo dyes using MEP75 of MMA in presence of an hindered 
amine stabilizer. A monomer insoluble dye like Sudan Black B was successfully 
encapsulated by mixing Sudan Black B solution (methylisobutyl ketone) with styrene 
followed by MEP76. After polymerization the morphology analysis confirmed the 
encapsulation of dye by PS shell, which effectively protected the dye from photo-
degradation that was induced by UV-activated oxygen.  
Different other metal complexes, which are not associated with optical property 
based applications, were also used for the preparation of hybrid materials for other 
purpose. Encapsulation of tetramethylhepandionato lnthanide by MEP of acrylate 
monomers resulted in a spherical lamellar morphology which resembled “nano-onions” 
structure77. For the purpose of biological tagging applications, MEP was used to 
incorporate unsymmetrical lanthanide-β-diketonato complexes78 within PS particles.  
MEP was also used to protect sensitive or volatile drugs or initiators from the 
environment. An acid-sensitive photo-initiator, Lucirin TPO was well shielded from acidic 
environments by encapsulating in PMMA or PBA-co-PMMA shell using MEP79. The 
monomer soluble initiator was insoluble in the polymer matrix and as a result of that core-
shell morphology was developed after polymerization. The investigation regarding the 
release of the initiator into the environment showed much improved scenario in the 
encapsulated materials compared to the non-encapsulated one. Volz et al.80 executed a 
‘Nanoexplosion’ triggered by thermal stimulation that led to a rupture of the polymer 
particle wall by encapsulating azoinitiator using MEP. A sudden release of the entire 
materials was possible by this process. 
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2.3.2 Encapsulation of liquid phase 
MEP offers effective pathways to encapsulate liquid phase by polymer shell in the 
range of several hundred nm. For the encapsulation of hydrophobic liquids via direct MEP, 
phase separation technique was employed. The nature of the polymer (hydrophilic or 
hydrophobic) plays an important role to decide whether capsule formation or particle 
formation will be preferred. Shan et al.81 encapsulated a hydrocarbon (n-octane) using 
interfacial miniemulsion polymerization. N-isopropylacrylamide (NIPAM) was used as a 
comonomer of styrene and divinylbenzene was used as a crosslinker. The oligomer of 
PNIPAM was phase separated from aqueous phase and ws adsorbed on the surface of 
polystyrene latex particles. A crosslinking reaction n the surface helped to anchor 
PNIPAM to the surface of the latex particles. The crosslinked structure grew up to form a 
polymeric shell encapsulating the hydrocarbon material in the core. Ni et al.82 synthesized 
PS/silica shells around an inert hydrocarbon via copolymerization of styrene with 
methacryloxypropyltrimethoxysilane (MPS) in presenc of KPS as initiator. An optimum 
hydrocarbon to monomer ratio led to the formation of p lymeric shells. The presence of 
hydrophilic monomer was supposed to favor the phase separation between the 
hydrocarbon and the polymer, thereby producing capsules with copolymeric shell and 
liquid hydrocarbon at the core.  
Inverse miniemulsion technique83, 84 was also useful for the encapsulation of aqueous 
solutions, required for physiological application. The polymeric shell, covering the 
aqueous droplets had been generated by polyaddition reaction. An aqueous solution of a 
gadolinium-based magnetic resonance imaging (MRI) contrast agent was encapsulated 
within the polymeric shells of polyurethane, polyurea and crosslinked dextran using an 
interfacial polyaddition reaction83. Paiphansiri et al.84 synthesized polyurethane based 
functionalized nanocapsules with an aqueous core as bio-carriers via inverse MEP. The 
carboxylic acid functionality was introduced using carboxymethylation reaction. 
2.3.3 Encapsulation of insoluble materials 
Encapsulation of both organic and inorganic materials, that are insoluble in the 
dispersed phase, has been successfully performed via MEP. The major problem to 
encapsulate such materials arises from the interfacial tension between the nanomaterials, 
monomer/polymer and the continuous phase of the minie ulsion. The hydrophilic surface 
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of the inorganic particles restricts their dispersion nto the hydrophobic monomer phase 
(typically used for direct MEP) and thus a hydrophobization of the nanoparticles needs to 
be performed to make them compatible with the monomer phase. On the other hand, in 
case of the organic material like carbon black, themain challenge is to break the 
agglomeration of the nanoparticles to disperse them finely into the monomer phase. 
Another issue is the rise in viscosity of the monomer phase as a result of feeding the 
nanoparticles. A highly viscous dispersed phase is not suitable for the formulation of 
miniemulsion. So for a recipe with high loading of nanoparticles, a so-called cosonication 
process has been established. There are several exampl s of preparing hybrid polymeric 
nanoparticles with monomer insoluble nanomaterials using MEP. Few of them are 
illustrated here. 
Organic pigment such as carbon black or phthalocyanines have tremendous demand 
for the application in industry. But due to their hg  specific surface area, they remain as 
aggregates. For many application purposes, the use of w ll separated pigment particles is 
required, preferably in form of an aqueous dispersion. MEP can provide such materials 
with an efficient way to produce polymer encapsulated pigment in the range of 50-500 nm. 
But a major problem arises with the rise in viscosity with increasing feed concentration of 
pigment in the monomer phase. Lelu et al.85 reported only less than 10 wt% of the 
phthalocyanines blue pigment that was possible to disperse in styrene to formulate the 
miniemulsion. A large improvement in the pigment con entration within the hybrid 
particles was reported by Landfester et al.86, 87 with the help of cosonication of the 
monomer miniemulsion and corresponding pigment dispersion. Up to 80% pigment 
concentration in the hybrid particles was possible to achieve86.  
Other carbon-based, hydrophobic material e.g. single walled carbon nanotube 
(SWCNT) was also successfully encapsulated using MEP88, 89. But proper encapsulation 
was not possible to achieve due to the length (in µm range) of the SWCNTs. Anionic 
surfactant (SDS) was proved to be inefficient to stabilize SWCNT dispersion, thus a 
cationic or a mixture of anionic and non-ionic surfactant was used to formulate the 
miniemulsion. 
 Regarding the inorganic nanoparticles, most of the published articles deal with 
silica, clay, and iron oxides with some other metal oxides. As mentioned above, the 
hydrophobization of the inorganic surface is very important to disperse the nanoparticles 
into the organic monomer, generally used for direct MEP. As for example, Landfester et 
al.90 modified the surface of CaCO3 using stearic acid to disperse it into styrene which was 
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then polymerized to form PS-CaCO3 hybrid nanoparticles. OA was proved to be an highly 
efficient modifier for inorganic alumina surface to prepare core-shell hybrid nanoparticles 
of Al2O3–poly(styrene–methylmethacrylate)
91. Polybutylene succinimide diethyl triamine 
(OLOA 370) has been proved to be the most efficient modifier for hydrophilic titania 
nanoparticles to disperse them into styrene to perform MEP92. Semiconductor quantum 
dots were also successfully encapsulated using MEP to make it useful for several 
applications93, 94.  
Numerous articles have been published so far regarding the synthesis of polymeric 
hybrid nanoparticles, with silica as one of the comp nents. In most of the cases as reported 
in literature95-99, the silica/polymer composites were prepared using MEP of styrene, butyl 
acrylate or MMA as monomer or MEP of their comonomer. Although other polymers like 
polyethylene100 or  polyamide101 were also used to some extent for the encapsulation 
purpose. The compatibility between silica and monomer-polymer phase were also 
influenced by the nature of surface modifier of silica nanoparticles. Due to the presence of 
silanol groups on the surface, covalent modification has been quite easy to execute. 
Among the modifiers, the most frequently used one is the trimethoxysilanes with a wide 
variety of functionalities, e.g. methacryloxy(propyl) trimethoxysilane (MPS)96, 97 or 
octadecyltrimethoxysilane (ODMS)102. It was observed that these modifiers can also 
influence the morphology of the hybrid nanoparticles. Like silica, clays are also very 
important materials that have been used as a component i  the preparation of hybrid 
polymer particles through MEP. Most frequently used clays were montmorillionite103, 104, 
saponite105, 106, cloisite107, 108 etc. Here also, clay modifiers used to play a vital role to 
determine the exfoliation of clays inside the polymer particles. 
The above discussion clearly indicates the importance of MEP for the preparation of 
polymer based hybrid nanomaterials. In the present thesis, PMC nanoparticles have been 
synthesized using MEP. Iron oxide nanoparticles have been chosen as the magnetic 
counterpart of the hybrid materials. Iron oxide belongs to the class of inorganic materials 
that are insoluble in organic monomers. Due to the requirements of the present thesis 
work, a separate section has been created to highlight the present state of the art in the field 
of magnetic polymer synthesis via MEP.  
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2.4 Synthesis of magnetic nanoparticles 
Magnetic nanoparticles (MNP) have gained a great deal of attention to the 
researchers from several disciplines like magnetic r sonance imaging109, catalysis110, data 
storage111 etc. Various methods have been developed to synthesize MNP of different size 
and composition. But due to the tendency to form agglomerates and oxidization in the 
exposure to air, researchers have tried to protect MNP during or after the synthesis. The 
stabilizers not only protect the MNP but also impart some characteristics on the surface of 
MNP like functionality, polarity etc. 
 Magnetic nanoparticles have been synthesized in various compositions and phases 
like iron oxides (Fe3O4 and γ-Fe2O3)
112, pure metals, (Fe and Co)113, spinel-type 
ferromagnets (MgFe2O4, MnFe2O4, and CoFe2O4)
114 and alloys (CoPt3 and FePt)
115. 
Different synthetic techniques have been established to synthesize MNP of different size 
range and quantities among them the mostly used techniques are co-precipitation, thermal 
decomposition, Microemulsion, and hydrothermal synthesis. 
Co-precipitation provides a convenient way to synthesize iron oxides (Fe3O4 and γ-
Fe2O3) from the aqueous solution of Fe
2+/Fe3+ salt by the addition of a base at room 
temperature or at elevated temperature under inert atmosphere. The size, shape, and 
composition of MNP mainly depend on the type of iron salts used, Fe2+/Fe3+ ratio, reaction 
temperature, pH value and ionic strength of the solution. This method offers large scale 
production of MNP with reproducible characteristics. But particles synthesized by co-
precipitation tend to be rather polydisperse. The particle size distribution of MNP can be 
controlled by adding a proper stabilizer during or after the synthesis of MNP. Both the 
hydrophilic and hydrophobic stabilizers have been used in the synthesis of MNP by co-
precipitation method. Among the hydrophobic stabilizers, oleic acid (OA) is considered as 
one of the efficient candidates for the stabilization of MNP116. Presence of OA on the 
surface also modifies the hydrophilic surface of MNP into a hydrophobic one to some 
extent depending on the amount of OA which remain adsorbed on the surface of MNP. 
Thermal decomposition provides an efficient way to pr duce monodisperse magnetic 
nanoparticles with control over size and shape. In this method, monodisperse MNP can be 
synthesized via thermal decomposition of organometallic compounds in high-boiling 
organic solvent containing stabilizer117. Metal acetylacetonates118, metal cupferronates119 
and metal carbonyls120 are generally used as organometallic precursor. oleic acid121, Oleyl 
amine118 and hexadecylamine122 are frequently used as stabilizer for MNP. The relative 
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amount of the ingredients, reaction temperature and reaction time are the factors which are 
responsible for the precise control of size and morph logy. 
Microemulsion refers to a thermodynamically stable isotropic dispersion of two 
immiscible liquids, in which the micro-domain of both the liquids is stabilized by 
surfactant molecules123. In a typical water-in-oil microemulsion, the aqueo s phase is 
dispersed as microdroplets (1–50 nm in diameter) in the continuous oil phase with the help 
of surfactants. Mixing two identical water-in-oil microemulsions containing the desired 
reactants provides an opportunity for the microdroplets to collide, coalesce, breakdown 
and finally a precipitate forms within the micelles124. The precipitate can be extracted from 
the dispersion easily by adding solvent like aceton or methanol followed by 
centrifugation.  This technique utilizes the efficiency of microemulsion to work as 
nanoreactor for the synthesis of magnetic nanoparticles. Metallic cobalt125, cobalt/platinum 
alloys125, spinel ferrites126 have been successfully synthesized using the microemulsion 
technique.  
The hydrothermal synthesis involves a liquid-solid-solution (LSS) phase transfer 
synthetic strategy for the synthesis of nanocrystals. This method is based on a general 
phase transfer and separation mechanism which operates at the interfaces of the liquid, 
solid and solution phase present in the system127.  
Schüth et al. summarized the conditions and outcomes of the four methods 
mentioned above. It is illustrated in Table 1. Regarding the simplicity of the synthesis, co-
precipitation is the considered to be the preferred one whereas production of MNP with 
control over the size and morphology can be achieved through thermal decomposition 
method. For the purpose of present study, co-precipitation will be used for the synthesis of 
magnetic nanoparticles due to its simplicity in the reaction conditions and high scale 
production.  
Table 1: Comparison between different synthetic methods for the preparation of magnetic 
nanoparticles. 
Synthetic method Reac. temp. 
(°C) 
Reac. 
time 
Solvent Size distribution Shape control Yield 
Co-precipitation 20-90 minutes water relatively narrow not good high/scalable 
Thermal 
decomposition 
100-350 hours to 
days 
organic very narrow very good high/scalable 
Microemulsion 20-50 hours organic relatively narrow not good low 
Hydrothermal 
synthesis 
220 hours to 
days 
water- 
ethanol 
very narrow very good medium 
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2.5 Synthesis of polymer magnetic composite nanoparticles 
using miniemulsion polymerization  
Numerous articles have been published about the synthesis, characterizations and 
applications of PMC nanoparticles. The most frequently used MNP has been iron oxide 
(Fe3O4) although in few works, MNP other than Fe3O4 was used
128, 129. Both direct and 
inverse130-134 MEP has been executed for the preparation of Fe3O4 based PMC 
nanoparticles. As the present thesis deals with the synthesis of Fe3O4 based PMC 
nanoparticles using direct MEP, the following literatures point out the state of the art of the 
corresponding field only. 
In a direct MEP, organic monomers like styrene, BA, MMA etc. or their 
combinations (for copolymerization) are generally used. Like the other inorganic 
nanomaterials, the hydrophilic Fe3O4 also requires a surface modification 
(hydrophobization) so that it can be dispersed in those organic monomers. In general, the 
synthesis of PMC nanoparticles involves the following steps: 
(a)  Dispersion of hydrophobized MNP into the organic monomer. 
(b)  Pre-emulsification of monomeric ferrofluid in continuous medium, generally 
water. 
(c)  Miniemulsification of the solution to prepare monomer droplets containing 
MNP. 
(d) Polymerization to synthesize PMC nanoparticles dispersed in water. 
Most of the published works followed the above step. For the hydrophobization of MNP, 
different kinds of surface modifiers have been employed in which OA remained at the top 
of the list. Apart from OA, other surface modifiers al o have been utilized. Zhang et al.135 
used aminopropyltrimethoxysilane to covalently modify the surface of MNP. Chen et al.136 
also used a silane based modifier (3-methacryloxypropyltrimethoxysilane) to 
hydrophobize the surface of MNP. In both cases, magnetic PS nanoparticles were 
synthesized via MEP. Betancourt et al.137, 138 prepared styrene ferrofluid by dispersing 
MNP with the help of bis(2-ethylhexyl) sulfosuccinate (AOT) as surface modifier. But the 
subsequent MEP led to an inhomogeneous distribution of MNP among the PS particles. 
Zhang et al.135, 139 used a phosphate based modifier (Disperbyk 106) to disperse the MNP 
into styrene. After the polymerization, TEM investigation confirmed an inhomogeneous 
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distribution of MNP although the resultant saturation magnetization value of the hybrid 
particles was very high (~47 emu/g). Several other modifiers like 3-(trimethoxysilyl) 
propylmethacrylate (TPM)12, 136, lauric acid13, stearic acid12, or ‘Y’ shaped surfactant like 
12-hexanoyloxy-9-octadecenoic14 have been used to hydrophobize the surface of MNP. 
However, most of them resulted in unsatisfactory outc me regarding the dispersion of 
MNP in the hybrid system. Still now, the most frequntly used one has been the OA due to 
its commercial availability, high affinity towards the MNP surface and also for its 
compatibility with common organic monomers.  
The choice of initiator has also been decisive to determine the morphology of the 
hybrid nanoparticles. Kawaguchi et al.140 investigated the impact of the nature of initiator 
on the preferential localization of MNP within PS nanoparticles, prepared via MEP. In 
presence of water soluble initiator (KPS), the MNP were nicely encapsulated within the PS 
particles. The surface of PS was almost free of any MNP which indicated complete 
encapsulation. On the other hand, water insoluble initiator (AIBN) produced opposite 
morphology where the MNP were found on the surface of PS. Elaissari et al.141 found a 
Janus morphology of magnetic PS particles, prepared using AIBN initiated MEP. The 
reason for the preferential location of MNP was explained by the fact that the water 
soluble initiator initiates the polymerization from the surface of monomer which resulted 
in an enrichment of PS phase near the surface of droplets. This in turn, pushes the OA 
modified MNP towards the bulk which is enriched in styrene phase. The driving force for 
such mechanism arises from the compatibility factor of OA with styrene/PS phase. Thus at 
the end of polymerization, MNP can be found only in the bulk, not at the surface. In case 
of AIBN initiated system, polymerization starts from the bulk of droplets and grows 
towards the surface. Hence, the MNP starts agglomerating on the surface of droplets and 
finally ends up producing a Janus like morphology. On the other hand, presence of 
crosslinker like DVB in the droplets hinders the diffusion of MNP through the crosslinked 
polymer structures which prevents the MNP from getting phase separated and accumulated 
to the droplet surface in an AIBN initiated MEP142.  
Surfactant used in the recipe also plays a vital role egarding the morphology or 
determining the content of MNP of the hybrid particles. It has been observed that the 
efficiency of encapsulation tends to increase with lowering of the amount of added 
surfactant. Forcada et al.143 showed the similar kind of influence in the encapsulation of 
MNP by PS using SDS stabilized MEP. Moreover, they observed that it is the surfactant-
free MEP that provided the most efficient pathway to achieve core-shell morphology. But 
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with a surfactant free system, they had to sacrifice long term stability. Also the TEM 
investigation did not show well separated particles rather a tendency towards 
agglomeration was observed (Fig. 4).  
 
Figure 4: TEM images of PMC magnetic polystyrene nanoparticles showing (a) 
insufficient encapsulation in presence of SDS; (b) core-shell morphology in absence of 
surfactant143. Reprinted with permission from Ref. [143]. Copyright 2011 ACS.  
In another article from Forcada et al.144 the encapsulation of MNP was performed using a 
surfactant free approach by employing a self-stabilized monomer, sodium styrene 
sulfonate (NaSS). The presence of any micelles was pos ible to avoid by this process as 
NaSS does not belong to the class of conventional surfactant although it served the 
purpose of providing the necessary stability to the system. 
In the domain of biomedical applications, there is a strong demand for functionalized 
MNP. Several efforts have been made to synthesize surface functionalized magnetic 
polymer particles using MEP. Landfester et al.145, 146 synthesized functional PMC 
nanoaprticles using styrene and acrylic acid as comono er. The amount of carboxylic acid 
on the surface of polymer particles was possible to control by changing the amount of 
acrylic acid. The presence of carboxyl groups on the particle surface enabled the uptake of 
nanoparticles in cell. The efficiency of cellular uptake was possible to increase by the 
attachment of lysine through covalent interaction with the carboxyl groups or by the 
physical adsorption of the commercial transfection agent like poly (L-lysine)145. Nunes et 
al.147, 148 prepared carboxylic acid functionalized magnetic poly (ethylmethacrylate) by 
copolymerization of ethylmethacrylate and acrylic acid. The carboxylic acid functionality 
was also possible to achieve by using an acid terminated initiator like 4,4́-azo-bis(4-
cyanopentanoic acid) (ACPA) in the MEP of styrene i presence of OA modified MNP. 
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The presence of acid functionality and their activity on the surface of PMC nanoparticles 
was confirmed by the covalent binding of Mouse IgG protein using well-known 
carbodiimide activation method149. 
The main drawback of all the experiments mentioned above was their inability to 
achieve high MNP content of the hybrid nanoparticles. But it was important for many 
applications to find a methodology which can incorporate a large amount of MNP into the 
polymer particles maintaining homogeneity in their d stribution as well as colloidal 
stability of the latex. In 2003, Landfester et al.7 published a method to achieve high 
magnetite content in the polymer particles with thehelp of co-sonication or multistep 
miniemulsion process. At first, OA coated MNP was synthesized and was dispersed in 
octane to prepare an octane based ferrofluid. Then a miniemulsion of MNP was prepared 
by mixing the ferrofluid in water in presence of SD followed by ultrasound sonication 
(US). On the other hand a styrene miniemulsion was also prepared in the usual way. 
Finally these two solutions were miniemulsified together in various ratios and were 
subjected to polymerization to produce magnetic PS particles with MNP content up to 40% 
by weight. A scheme of the process is illustrated in Fig. 5.  
 
 
Figure 5: Minimemulsion polymerization by co-sonication process for the preparation of 
high magnetite content polystyrene particles. 
Even though the goal of producing hybrid particles with highly loaded MNP was 
achieved, the complexity of the process has limited its application in industry. Producing 
such hybrid particles in a simple and single step is still a challenge to the scientists. In the 
recent past, Elaissari et al.141 achieved ~20 wt% MNP content in PS particles via single 
step MEP aöthough high amount of coagulum was developed in the system. The 
distribution of MNP among PS particles was also inhomogeneous. Increasing the feed 
Chapter 2: State of the art 
33 
 
MNP content did not improve the situation as well. In the present thesis, an effort has been 
made to achieve relatively higher MNP content in the hybrid particles along with a 
uniform morphology, using a single step miniemulsion process avoiding the formation of 
coagulum as much as possible. From the earlier work as presented in literatures, it is 
supposed that one of the main reasons for the lower content of MNP in composites has 
been the loss of MNP during polymerization in the form of coagulum as a result of poor 
compatibility between the polymer chains and MNP surface. Thus it was planned to use 
functional polymer that can improve their interaction with MNP surface. For his purpose, 
RAFT polymerization is thought to be an appropriate process which can impart such 
functionality in the polymer chains. The functionality has been selected on the basis of its 
affinity towards the surface of MNP. From the knowledge of structural features of the 
surface modifiers, a carboxyl functionalized CTA has been considered as the most suitable 
one for this purpose. Finally, The PMC nanoparticles have been synthesized in presence of 
the functionalized CTA using RAFT mediated MEP. 
2.6 Reversible addition-fragmentation chain transfer 
polymerization 
In the field of different polymerization pathways, the free radical polymerization 
constitutes a large part due to its applicability for various monomers, fast chain growth 
process, convenient reaction conditions and feasibility in wide range of techniques (bulk, 
solution, heterogeneous polymerizations). However, unavoidable chain termination and 
uncontrolled chain propagation often lead to the production of very high molecular weight 
polymers with poor control over molecular weight distribution as well as chain 
architecture. Over the past two decades, the development of living/controlled radical 
polymerization (CRP) techniques has appeared as a sm rt reply to overcome the 
drawbacks of the free radical process. The discovery of CRP techniques enabled the 
synthesis of wide range of polymers with well-defind architectures, control over 
molecular weight distribution and various terminal functionalities150. Reversible addition 
fragmentation chain transfer (RAFT) polymerization belongs to this group of CRP 
techniques along with other polymerization processes like nitroxide-mediated 
polymerization (NMP)151, atom transfer radical polymerization (ATRP)152 and 
(macromolecular design via interchange of xanthates (MADIX) 153. In the present context 
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of the thesis, the basic aspect of RAFT polymerization will be discussed regarding its 
mechanism, ingredients and outcomes. 
2.6.1 Mechanism of RAFT polymerization      
The mechanism of RAFT polymerization is based on the reaction between a 
propagating radical and a chain transfer agent (CTA). Generally, in case of RAFT 
polymerization, the CTA bears a radicophilic thiocarbonyl group which acts as the 
activated double bond. A commonly accepted mechanism of the RAFT polymerization154 
is schematically represented in Scheme 5. The initiator used in the RAFT polymerization 
is identical to that of a free radical process e.g.thrmoinitiator or photoinitiator. At first, the 
radical initiation results in the formation of a pro agating radical (Pn*). In the chain 
transfer step, the addition of Pn* to the thiocarbonyl bond of CTA results in the formation 
of an intermediate radical (IR1). Fragmentation of this intermediate radical (IR1) leads to 
the formation of a dormant species (equilibrium I) and to the release of a fragment radical, 
R*. The fragment radical re-enters into the polymerization and initiates another polymer 
chain (formation of Pm*). The dormant species (macro-CTA), which also bear a 
thiocarbonyl moiety, again induce a reversible addition-fragmentation step (equilibrium II) 
and the process repeats. Similar to the conventional free radical polymerization, the active 
species (Pn* or Pm*) can also propagate and terminate. However, in a RAFT 
polymerization, the amount of initiator (the only free-radical source) is used to be lower 
and thus the concentration of active species also remains lower at any instant. So the 
radical-radical termination reactions are minimized. In summary, the polymer chains 
successively transfer themselves from a dormant state to an active state during which they 
used to add monomer units. Thus a control over the propagation of radicals is possible. In 
a conventional free radical polymerization, after the chain initiation by the radical source, 
chains grow in parallel during the whole polymerization without any restriction. Thus 
often broader molecular weight distribution is observed. Due to the absence of any control 
agent, very high molecular weight is reached in a rel tively quick time.  
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Scheme 5: Schematic representation of general mechanism of RAFT polymerization154. 
2.6.2 Selection of chain transfer agent    
The mechanism of RAFT polymerization clearly points out the importance of the 
selection of chain transfer agent. The chain transfer activity of the CTA is a decisive factor 
for the fast and quantitative initiation of polymer chains. The addition and fragmentation 
rate in equilibrium I should be of comparable magnitude to reduce the number and the 
lifetime of the intermediate radicals. Due to the reversibility of the chain transfer process, 
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there remains always a possibility that the fragment radicals can also add to CTA or results 
in irreversible termination reaction. Thus it is very ssential for the equilibrium I to remain 
largely in favor of the release of the fragment radic l R*. On the other hand, the dormant 
chain should also exhibit a high transfer activity (equilibrium II in Fig.10) to ensure a fast 
chain transfer between the dormant and the active chains. All these requirements highly 
depend on the chemical structure of CTA relative to the monomer that is used in the 
corresponding reaction. Favier et al.155 published a review article on experimental 
requirements for an efficient RAFT polymerization in which different categories of CTA 
has been discussed regarding the nature of the Z substituent (Fig. 6) and also regarding the 
efficiency of the various CTA families suitable for different kinds of monomer.   
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Figure 6: General structure of different categories of chain transfer agent. 
On the other hand, the chemical attachment of CTA to the polymer chain offers 
functionalization of the polymer chains. Various kinds of functionality e.g. acidic, amino, 
hydroxyl etc. can be introduced in the polymer chain via appropriate selection of the R and 
Z substituent of CTA. Thus a proper choice of CTA is very essential for producing 
functional polymers with controlled character. Fig. 7 shows the efficiency range of few 
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commonly used CTAs with respect to the family of monomers, frequently used in RAFT 
polymerization155.   
 
Figure 7: Efficiency range of different chain transfer agents with respect to the monomers 
in RAFT polymerization155. 
2.6.3 RAFT mediated miniemulsion polymerization 
The RAFT polymerization in miniemulsion system has been extensively investigated 
in some early works156-158. In the present context of the thesis, it was not necessary to 
discuss the mechanistic detail of the RAFT polymerization in miniemulsion. The following 
literature study only highlights the successful progress of RAFT mediated MEP in terms of 
its dependency on parameters like surfactant, costabilizer, CTA etc.  
In the field of MEP, at the beginning RAFT polymerization advanced with some 
troubles regarding the colloidal stability and molecular weight distribution. Huang et al.159 
tried to find a reason for such behavior by using centrifugation of the miniemulsion, as 
prepared for executing RAFT mediated MEP of styrene using SDS and hexadecane as 
surfactant and costabilizer respectively. According to the authors, the occurrence of 
Ostwald ripening resulted in the production of large micron-size droplets with a relatively 
low concentration of the CTA and costabilizer and as a result of that the large droplets 
were separated as an oil layer upon centrifugation. On the other hand, the Ostwald ripening 
created small droplets containing high concentrations f CTA which coagulated to form 
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droplets much larger than the droplets remaining in the miniemulsion. These were 
observed as a separated emulsion layer at the top of the centrifuge tube. Due to the 
presence of these different loci in the system, polymer with a bimodal molecular weight 
distribution and particles with broad size distribut on were observed. These problems were 
possible to overcome by using a non-ionic surfactant instead of an ionic one. Brouwer et 
al.156 observed the influence of both ionic and non-ionic surfactant as a stabilizer to 
conduce RAFT mediated MEP of methacrylate and styrene monomers. Only the non-ionic 
one proved to be the efficient one to impart the colloidal stability of the miniemulsion. The 
molecular weight of the polymer was near to the predict d value and the dispersity index 
value was always below 1.4 which proved the controlled character through RAFT process. 
Some years later, Klumperman et al.160 published an article where they showed that it is 
also possible to conduct RAFT mediated MEP using ionic surfactants under certain 
conditions. They found an excellent latex stability that was addressed by RAFT mediated 
MEP using styrene and MMA as monomer and CTAB as surfactant with concentration 
higher than 5 wt% of the monomer. The stability was attributed to the dense packing of 
surfactant chains on the surface of droplets at high surfactant concentration. A successful 
attempt was made by Zetterlund et al. with an anionic surfactant, dioctyl sodium 
sulfosuccinate (AOT) stabilized MEP. AOT was observed to perform well as a surfactant 
to conduct both conventional free radical and RAFT mediated MEP of styrene. The RAFT 
mediated MEP showed good control/livingness as wellas adequate colloidal stability. 
The nature of CTA also has some influence on the characteristics of RAFT mediated 
MEP. Various kinds of CTA starting from hydrophobic161-163 to amphiphilic164, 165 
characteristics have been utilized. Luo et al.164 synthesized an amphiphilic CTA made of 
poly(acrylic acid)-block-polystyrene to perform RAFT mediated MEP of styrene. Due to 
the amphiphilicity of the CTA, the process involved interfacially confined RAFT mediated 
MEP of styrene and produced nanocapsules with highly uniform structures regarding 
particle size and shell thickness. Hydrophobic CTA like 1-phenylethyl phenyldithioacetate 
was used for the synthesis of block copolymer using RAFT mediated MEP of styrene and 
n-butyl acrylate in a train of continuous stirred tank reactors (CSTRs)163. Boursier et al.162 
used poly(ethylene oxide) (PEO) based macro CTA both as a stabilizer and as a control 
agent for executing RAFT mediated MEP of styrene. Luo et al.165 synthesized 
nanocapsules with a cross-linked poly(dodecafluoroheptyl acrylate) shell using interfacial 
RAFT mediated MEP. The capsule was formed after the removal of the liquid core 
materials. In this case, an amphiphilic macro CTA, poly(dodecafluoroheptyl acrylate-co-
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methacrylic aicd) was used as control agent for the RAFT polymerization. Utilizing the 
efficiency of amphiphilic CTA, Luo et al.166 further demonstrated a strategy for nano-
encapsulation via interfacially confined RAFT mediated MEP. Another process was 
reported by Etmimi et al.167 for preparing composite materials using MEP. Graphite oxide 
was modified with a functionalized CTA. The CTA grafted nanoparticles were dispersed 
in styrene and mixed with other ingredients for thepr paration of miniemulsion. The 
resultant mixture was miniemulsified and subsequent polymerization produced PS-
graphite oxide composite nanoparticles with a core-sh ll morphology. 
The above discussion readily gives an impression that one can utilize the efficiency 
of RAFT mediated MEP in various ways, with respect to the choice of surfactant or choice 
of CTA itself, as required for the system under investigation. In the present work, a 
carboxyl terminated CTA has been selected for the execution of RAFT mediated MEP.   
2.7 Amphiphilic ionic liquids: A new class of surfactants 
Ionic liquids (ILs) belong to the class of organic salt with melting point below 
100°C. Through the last two decades ILs have got a gre t deal of attention among the 
researchers due to their amazing properties like high thermal stability, wide liquid range, 
ionic conductivity, low volatility and ease of modification of its chemical structure. The 
availability of different kinds of ILs provides an excellent opportunity for the scientists to 
use them for wide range of applications. The applications of ILs include replacement of 
conventional organic solvents in chemical reactions168, 169, efficient media in extraction 
processes170, electrolytes in batteries171, potential in catalytic activity172, 173 etc. Apart from 
the above applications, ILs have also gained interes  in the field of colloid and surface 
chemistry. Among the different structural compositin of ILs, amphiphilic ILs have 
become quite popular in the field of heterogeneous polymerization system. Biczók et al.174, 
175 reported the ability of micelle formation of alkyl imidazole based ILs in water. It was 
observed that the critical micellar concentration (CMC) was possible to control by 
changing the type of alkyl chain or its length. Kunz et al.176 reported the aggregation 
behavior of amphiphilic ILs in mixture with another IL, ethylammonium nitrate (EAN). 
These findings about the behaviour of amphiphilic ILs opened up the possibility of using 
such materials as surfactants in different kinds of heterogeneous polymerization systems. 
Guerrero-Sanchez et al.9 successfully performed the suspension polymerization of styrene 
in presence of water soluble imidazole based IL as surfactant. The influence of aliphatic 
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chain length of the IL on the stability of the suspensions was also investigated. From the 
chemical structure of the surfactant IL, it was assumed that the polar imidazole groups 
induce the electrostatic charges on the surface of the monomer/polymer droplets, thereby 
keeping them away from coalescence. On the other hand, the hydrophobic chain of ILs 
remains projected towards the hydrophobic droplets, making them suspended in the 
aqueous phase. Texter et al.11 performed microemulsion polymerization of methyl 
methacrylate in presence of IL as surfactant. 1-n-Dodecyl-3-methylimidazolium bromide 
and 1-(2 acryloyloxyundecyl)-3-methylimidazolium bromide were used as non-reactive 
and reactive IL, respectively. The reactive IL proved to be very useful for tuning the 
surface property of copolymer particles via anion exchange process. Recently, microwave 
assisted emulsion polymerization of methyl methacryl te has also been performed 
successfully using an IL, 1-n-dodecyl-3-methylimidazolium chloride, as surfactant10. 
Considering the ability of the amphiphilic IL of introducing surface tuning property when 
present on the particle surface, it was aimed to use amphphilic IL as surfactant in this 
study. As no reports were found in the literature regarding its behavior as surfactant in the 
field of miniemulsion polymerization, a simple imidazolium based surfactant has been 
selected here. In the present thesis work, the influe ce of the imidazolium based 
amphiphilic IL as surfactant in miniemulsion polymerization and also on the synthesis of 
polymer magnetic composite nanoparticles was investigated in detail. 
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3 Aim of the work 
The aim of the present work is to synthesize polymer magnetic composite 
nanoparticles with good colloidal stability, high content of magnetic nanoparticles 
associated with the homogeneous distribution of magnetic nanoparticles among the 
polymer particles as well as the chance for further surface functionality. Such magnetic 
nanoparticles may find various applications e.g. in biomedical fields. 
Among the different heterogeneous polymerization techniques that are generally 
used to prepare hybrid polymer particles, miniemulsion polymerization is proved to be an 
efficient one. In case of conventional emulsion polymerization, the diffusion process 
(diffusion of monomer molecules from monomer droplets to the micelles) often creates 
problems regarding the encapsulation of nanoparticles. But the occurrence of preferential 
droplet nucleation in case of miniemulsion polymerization results in a 1:1 copy of 
monomer droplets to the polymer particles and thus diffusion of monomer molecules is no 
longer required for nucleation. Such a mechanistic pathway offers a suitable environment 
for the encapsulation of various nanoparticles by pol mers. Therefore, in the present work 
miniemulsion polymerization will be used to achieve polymer magnetic composite 
nanoparticles with high content of magnetic nanoparticles.  
The surfactant plays a significant role in the stabilization of droplets/particles in 
miniemulsion and also in the encapsulation of magnetic nanoparticles. In the present study, 
amphiphilic ionic liquid is selected as a surfactant. Apart from the stabilization factor the 
amphiphilic ionic liquid has amazing ability to impart surface tunable characteristics to the 
polymer particles when present on the surface of the particles. As no report has been found 
in the utilization of amphiphilic ionic liquid in the field of miniemulsion polymerization, at 
first, it was aimed to investigate its efficiency in the formation of miniemulsion and then 
investigate its influence on the preparation of polymer magnetic composite nanoparticles.  
From earlier reports regarding the synthesis of polymer magnetic composite 
nanoparticles using miniemulsion polymerization, it was observed that polymer particles 
with high content of magnetic nanoparticles were possible to synthesize only with the help 
of multi-step miniemulsion process. A single step miniemulsion polymerization always 
ended up producing polymers with low content of magnetic nanoparticles associated with 
colloidal instability and large amount of coagulum. A possible reason for such outcomes 
was thought to be the poor interaction between the polymer particles and the surface of 
magnetic nanoparticles. Inspired from the structural fe tures of different surface modifiers 
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used for MNP (mainly carboxyl functionalized modifier) herein, it was aimed to synthesize 
carboxyl functionalized polymer chains within the particles which were expected to 
improve the interaction between the surface of magnetic nanoparticles and polymer end 
groups. In the context of functional polymer synthesis, RAFT polymerization offers the 
possibility of introducing different kinds of end functionality through the proper choice of 
chain transfer agent and their chemical conversion. Thus a carboxyl functionalized chain 
transfer agent has been selected and will be employed to execute RAFT mediated 
miniemulsion polymerization of styrene in presence of magnetic nanoparticles. The 
influence of carboxyl functionalized chain transfer agent will be investigated in view of the 
stability of dispersion, content of magnetic nanoparticles and morphology of the polymer 
magnetic composite particles. Regarding the magnetic counterpart of the composite 
particles, iron oxide (Fe3O4) nanoparticles will be used as the magnetic nanoparticles in 
this study and they will be synthesized from ferrous chloride (FeCl2) and ferric chloride 
(FeCl3) precursors in presence of ammonium hydroxide using co-precipitation technique. 
The co-precipitation technique has been selected du to the simplicity of the process and it 
offers large scale production of magnetic nanoparticles with reproducible characteristics.  
In the recipe of miniemulsion polymerization, a costabilizer (hydrophobe) plays an 
important role to retard the diffusion of monomer (called Ostwald ripening) from smaller 
to larger droplets. Among the costabilizers which are frequently used in miniemulsion 
polymerization, hexadecane is considered to be one of the most effective one and thus, it is 
broadly covered in the literature. But hexadecane its lf is a volatile substance and a 
volatile organic compound (VOC) is always recommended to avoid in the formulation of 
materials for application purpose. So it is aimed to replace hexadecane with a non-volatile 
substance. In the present context, carboxyl functioal zed polystyrene is thought to be a 
perfect replacement for hexadecane. The motivation here came from several directions. 
Firstly, polystyrene will remain in the composite particles after the polymerization due to 
its non-volatile nature. Moreover, it is highly compatible with the monomer (styrene) and 
presence of a long polymer chain would make it hydrophobic enough to be used as 
costabilizer (hydrophobe) even in presence of polar c rboxyl moiety as end group. 
Secondly, presence of carboxyl functionality within the droplets may improve the 
interaction of polymer particles with magnetic nanoparticles. One of the major 
requirements to be a perfect costabilizer is to have a relatively low molecular weight. Thus 
to prepare a low molecular weight carboxyl functionalized polystyrene, bulk RAFT 
polymerization of styrene will be performed in presence of a carboxyl functionalized chain 
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transfer agent. The carboxylated polystyrene thus produced can be expected to act as a 
costabilizer as well as a macro chain transfer agent in the miniemulsion polymerization of 
styrene. The influence of carboxylated polystyrene as a costabilizer as well as a macro 
RAFT agent on the overall characteristics of the miniemulsion process and the magnetic 
composite particles will be investigated in detail.  
For the convenience, the entire work is subdivided into few steps as described below: 
 
Step 1: Investigation of the efficiency of imidazole based amphiphilic ionic liquid 
as surfactant for the execution of miniemulsion polymerization of styrene. 
Step 2: Synthesis and characterization of polymer magnetic composite 
nanoparticles using ionic liquid stabilized miniemulsion polymerization of 
styrene. 
Step 3: Synthesis of polymer magnetic composite nanoparticles using ionic liquid 
stabilized RAFT mediated miniemulsion polymerization f styrene and 
investigation of the influence of carboxyl functionalized chain transfer 
agent on the characteristics of polymer magnetic composite nanoparticles. 
Step 4: Utilization of carboxylated polystyrene macro-CTA as costabilizer, 
replacing hexadecane for the execution of IL stabilized free radical 
miniemulsion polymerization of styrene followed by the synthesis of 
polymer magnetic composite nanoparticles. In this part, also the scope of 
this approach using different monomers will be explored. 
 
The execution and analysis of the work has been followed according to the steps described 
here. The next section represents all the results with detail analysis of the data. 
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4 Results and discussion 
4.1 Miniemulsion polymerization of styrene: Experiments and 
characterizations 
In the present study, miniemulsion polymerization of styrene (MEP) was performed 
in presence of amphiphilic ionic liquid (IL) as surfactant. Before aiming for a detail 
investigation about the efficiency of IL as surfactant, a suitable recipe was established 
which can synthesize stable dispersion of polystyrene (PS) nanoparticles with 
reproducibility. For this purpose, SDS was used as surfactant as its efficiency is already 
proved as a surfactant for MEP. Hexadecane being one of the most frequently used 
costabilizer for miniemulsion, has been used here also. In all MEP performed in this study, 
AIBN was chosen as the initiator. In this section, details about the reactors, devices, 
experimental procedures and characterizations will be discussed.     
4.1.1 Experimental details 
All the experiments were performed in ca. 45g-scale. The theoretical solid content of 
the dispersion was maintained at around 20%. For the execution of MEP, a glass vessel 
was used, as shown in Fig. 8a. Following the recipe described in Table 13, the organic 
phase was prepared by mixing styrene as monomer, AIBN as initiator and hexadecane as 
costabilizer. To observe the influence of the amount of initiator on the development of 
molecular weight of PS, mole ratio of initiator to monomer was varied from 1×10-2 to 
5×10-2.  The mole ratio of costabilizer to monomer was fixed at 3×10-2. On the other hand 
the aqueous phase was prepared by dissolving SDS in water. Different experiment was 
performed to observe the influence of the variation of surfactant to monomer mole ratio on 
the average particle size of PS latex. The organic d aqueous phase were mixed together 
in the glass vessel and the mixture was degassed 5 times using Ar/vacuum cycle. Then the 
mixture was stirred for 1 hr. with a mechanical stirrer (Fig. 8a) for the preparation of pre-
emulsion. The rotational speed was fixed at 600 rpmfor an efficient mixing. After the 
formation of pre-emulsion, the pre-emulsified mixture was subjected to high power 
sonication, also called miniemulsification to prepare the droplets of monomer dispersed in 
water. The miniemulsification was performed with an ultrasonic disintegrator Branson 
450W using a ½" minitip (Fig. 8b) under inert atmosphere. In order to observe the 
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influence of the time of ultra-sonication (US), few xperiments were performed by varying 
the time of US while keeping the other parameter fixed. The duty cycle was fixed to 90%.  
  
Figure 8: (a) Design of glass vessel and stirrer (onset) that was used for the miniemulsion 
polymerization; (b) Sonication probe that was used for the miniemulsification. 
During the sonication the reaction vessel was kept cool using ice water in order to avoid 
pre-heating of the dispersion. Fig. 9a shows the arrangement of the miniemulsification 
step. Finally, the prepared miniemulsion was polymerized for 6hr. at 70°C under inert 
atmosphere. The stirring of the dispersion was performed using the same stirrer used for 
pre-emulsification, but the operating speed was relatively lower (400 rpm). The 
experimental set up which was used for polymerization is illustrated in Fig. 9b. The detail 
recipe of all the experiments can be found in Table 13. After 6 hr. of polymerization, the 
latex was cooled to room temperature.   
  
Figure 9: Experimental set up for (a) miniemulsification using ultrasound sonication 
(reaction vessel was kept cool using ice water) and (b) polymerization in thermostat under 
mechanical stirring. 
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For the removal of coagulum the latex was poured through a metal mesh having pores of 
about 20 x 20 µm (Fig. 10). The filtered latex was used for characterization of the 
dispersion. To isolate the solid PS particles from dispersion, weighted amount of the 
filtered latex were taken in a petri dish and kept overnight at room temperature. The air 
dried products were dried in vacuum at room temperature until the weight was constant. 
P4O10 was used as drying agent in the vacuum oven. The dried product was used for 
characterization of the solid PS particles. The solid content of the dispersion was 
calculated by gravimetric analysis. The conversion of monomer was estimated from the 
solid content of the dispersion considering negligib e amount of monomer/polymer that 
was wasted through the development of coagulum. Themonomer conversion was 
calculated using the following equation:  
% Conversion = 

 
  100 
Where S is the weight of dried sample, V represents the theoretical weight of non-
volatile, chemically non-reactive component of the recipe in the dried sample, L is the 
weight of the latex taken for determination of monomer conversion and W represents the 
weight fraction of monomer in the recipe.  
  
Figure 10: SEM pictures of the metal mesh used for the removal f coagulum at two 
different magnifications. 
4.1.2 Investigation of particle size and morphology 
   The particle size of PS latex was investigated by dynamic light scattering (DLS)      
analysis. The sample for the DLS analysis was prepared by adding ca. 250mg of the 
filtered latex to 20g of aqueous NaCl solution (0.01N). The measurements were performed 
at a fixed scattering angle of 173°. The influence of the amount of SDS on the average 
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particles size of PS particles were investigated by var ing the SDS to monomer mole ratio 
and measuring the particle size the latex after each experiment. Fig. 11a shows the 
dependency of particles size on the surfactant to mono er ratio. The average particles size 
decreased with increasing the amount of surfactant, which represents the characteristics of 
MEP. The smaller droplets require more amount of sur actant in order to maintain their 
stability in the dispersion and thus with increasing amount of surfactant in the system, 
reduction in average particle size was observed although the dispersion index remained 
nearly same for all cases. The dependency of particle s ze on the amount of surfactant also 
indicated the existence of droplet nucleation in the system, which is the predominant 
mechanistic pathway for a MEP. 
The morphology of PS particles was investigated by scanning electron microscopy 
(SEM). The filtered latex was diluted by adding ca.250mg of the filtered latex into 20g of 
water. For the preparation of specimen for SEM investigation, one drop of this diluted 
latex was placed on a silicon wafer for air drying followed by sputtering with platinum. 
Monodisperse spherical particles were observed all through the system (Fig. 11b). 
Depending on the surfactant concentration, the particles size of PS varied from 80nm to 
120 nm. The SEM investigation along with DLS study confirmed the formation of stable 
dispersion of PS particles using the above experimental set up.  
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Figure 11: (a) Influence of surfactant to monomer ratio on the average particle size of 
polystyrene synthesized by miniemulsion polymerization of styrene in presence of SDS 
and hexadecane as surfactant and costabilizer, respectively. The concentration of intiator to 
monomer ratio was fixed to 1×10-2 and miniemulsification was performed for 10 min; (b)
SEM image of polystyrene particles in which surfactant to monomer ratio was 4×10-3.  
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4.1.3 Investigation of molecular weight 
The molecular weight was investigated using Size exclusion chromatography (SEC). 
Chloroform was used as solvent for polystyrene particles and polystyrene with known 
molecular weight was used as standard for the measur ment. The influence of the amount 
of initiator (AIBN) was observed by changing the initiator to monomer mole ratio while 
keeping the other parameter fixed. In all cases, high molecular weight in the order of 105 
has been achieved which was expected from a free radical heterogeneous polymerization.  
With increase in the amount of AIBN, the value of Mn decreased and the distribution 
became broader. This was expected as higher number of initiating radicals in the system 
initiated higher number of chains for the polymerization and thus the lower Mn and 
broader distribution was obtained. The monomer conversion was nearly 100% in all 
experiments. The amount of AIBN did not have any influence on the particle size of 
polystyrene. Table 2 represents the molecular weight (Mn) of the synthesized PS particles 
prepared using different amount of AIBN along with the associated dispersion index value. 
Table 2: Characterization of polystyrene nanoparticles synthesized by miniemulsion 
polymerizationa of styrene in presence of SDS as surfactant. 
Sample  SDS:styrene 
(mole ratio) 
AIBN:styrene 
(mole ratio) 
Average particle 
size (nm) 
[Dispersion index] 
Coagulum 
(%) 
Solid 
content 
(%) 
Monomer 
conversion 
(%) 
Molecular weightb 
(Mn) in g/mole 
[Dispersion index] 
PSSDS 1 2×10-3 2×10-2 122 [0.05] 1 18 100 2.2× 105 [4.1] 
PSSDS 2 3×10-3 2×10-2 108 [0.04] 1 18 100 2.4× 105 [4.2] 
PSSDS 3 4×10-3 2×10-2 86 [0.04] 2 18 100 2.2× 105 [4.1] 
PSSDS 4 5×10-3 2×10-2 79 [0.06] 1 18 100 2.3× 105 [4.0] 
PSSDS 5 4×10-3 1×10-2 83 [0.03] 2 18 100 3× 105 [2.7] 
PSSDS 6 4×10-3 0.7×10-2 86 [0.05] 2 18 100 5× 105 [2.5] 
PSSDS 7 4×10-3 0.5×10-2 90 [0.07] 1 18 100 7× 105 [2.1] 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and polymerization 
temperature and time of polymerization were fixed to 10 min, 70°C and 6 hr, respectively.  
b Monomer conversion was calculated from solid content of the dispersion considering no monomer was wasted through 
the development of coagulum.  
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4.2 Miniemulsion polymerization of styrene in presence of 
amphiphilic ionic liquid as surfactant 
The 1st aim of the work was to establish an ionic liquid (IL) stabilized miniemulsion 
process which can produce monodisperse polymeric nanoparticles with high extent of 
reproducibility. The experimental set up and procedur  was followed from the previous 
experiments using SDS as surfactant. Only, SDS has been replaced by an amphiphilic IL 
as surfactant. In the present study, two amphiphilic ILs have been used as surfactants for 
MEP. Both of them belong to the class of imidazolium based ILs in which one consists of 
a 16 carbon chain alkyl group, 1-n-hexadecyl-3-methylimidazolium bromide (IL 1) and the 
other comprises of 12 carbon chain alkyl group, 1-n-dodecyl-3-methylimidazolium 
bromide (IL 2). Both the ILs have been synthesized an used as required in this study. 
4.2.1 Synthesis of amphiphilic ionic liquids 
The ILs have been synthesized by reacting 1-bromoalkane (0.15 mole) and N-
methylimidazole (0.125 mole) in isopropanol at 70°C for 20 hours. After the removal of 
isopropanol the products were dissolved in water and extracted with ethyl acetate for few 
times. The pure ILs were obtained after evaporation of water and vacuum drying at 40°C. 
In the room temperature, both the ILs appeared as solid material. The reaction scheme for 
the synthesis of ILs is depicted in Scheme 6.  
N
N
Br
CH2 (CH2)n CH3
N isopropanol
N
N
CH2
(CH2)n
CH3
70°C, 20 hrs
Br-
1-n-hexadecyl-3-methylimidazolium bromide (IL 1) : n = 14
      1-dodecyl-3-methylimidazolium bromide (IL 2) : n = 10  
Scheme 6: Synthesis of amphiphilic ionic liquids used as surfactant for miniemulsion 
polymerization. 
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4.2.2 Synthesis of polystyrene nanoparticles using ionic liquid stabilized 
miniemulsion polymerization 
The IL stabilized miniemulsion polymerization (MEP) of styrene was conducted 
following the process established through the SDS stabilized MEP of styrene. Only in case 
of surfactant IL, due to the insolubility of IL 1 in water at room temperature, it was stirred 
in water for 15 min. at ~35°C. The aqueous IL soluti n was mixed with the organic phase 
containing monomer, initiator (AIBN) and hexadecane in a glass reactor (Fig. 8a) with the 
help of mechanical stirrer (operating at 600 rpm) to form the pre-emulsion. The pre-
emulsified solution was miniemulsified with the help of ultrasound sonication (US) to 
form the styrene droplets in water. After miniemulsification, the glass reactor was heated 
to 70°C for polymerization of styrene with the mechanical stirrer rotating at 400 rpm. 
After 6 hr. of polymerization, the latex was cooled to room temperature and filtered 
through a metal mesh for the removal of coagulum. The filtered latex was used for 
characterizations.    
4.2.3 Particle size investigation 
From the chemical structure of amphiphilic ILs used in this study (Scheme 6), they 
were expected to resemble cationic surfactants and thus the resulting PS particles via MEP 
should have a positive charge on their surface. The presence of positive charge on the 
surface of PS particles was confirmed by the determination of zeta potential of the 
synthesized PS latex with the help of electrophoretic mobility measurement. In order to 
prepare the sample for measurements, ca. 50mg of the filtered latex was added to 20g of 
aqueous NaCl solution (0.01N). For the purpose of the present study to know about the 
surface charge of PS particles, measurement was perform d only at the original pH (6.4) of 
the dispersion. Also the value of zeta potential (54±0.8 mV for PS 1) indicated a high 
stability of the PS latex. In fact, the polymeric dispersion remained stable for several 
months after the polymerization. 
From the previous literatures regarding MEP, it was ob erved that the particle size of 
the latex usually depends on a few factors like surfactant to monomer mole ratio, nature of 
surfactant, time of ultra-sonication (US) during miniemulsification etc. In the present 
work, an investigation of the influence of above parameters on the outcome of IL 
stabilized MEP has been performed. To compare the results with other conventional 
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surfactants, a few experiments were performed with SDS as an anionic surfactant and cetyl 
trimethyl ammonium bromide (CTAB) as a cationic surfactant under identical conditions. 
The influence of IL concentration on the particle size of PS was investigated by dynamic 
light scattering (DLS) measurement. For all the measurements, ca. 250mg of the filtered 
latex was added to 20g of aqueous NaCl solution (0.01N). The measurements were 
performed at a fixed scattering angle of 173°. The DLS study showed a similar kind of 
behavior of IL surfactants to that of SDS as well as of CTAB (Fig. 12a).  
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Figure 12: Influence of recipe and sonication time on particle size of polystyrene latex; (a) 
A comparative study between IL 1, IL 2, SDS and CTAB regarding the influence of 
surfactant to monomer molar ratio on average particle size of polystyrene. The sonication 
time was fixed at 10 minutes for all experiments; (b) influence of sonication time during 
miniemulsification on average particle size of polystyrene for the IL stabilized MEP. The 
surfactant to monomer mole ratio was fixed to 4×10-3 for both ILs. 
The comparative curves proved that for the execution of MEP, the ILs are as effective as 
SDS and even more effective in stabilizing and controlling the size of PS particles CTAB. 
In all cases, the particles size shows a tendency to decrease with increasing the amount of 
surfactant, which represents the characteristics of MEP. In an ideal scenario for performing 
MEP, the concentration of surfactant should be below its CMC. In the present system, the 
surfactant IL 1 has a very low CMC (0.61 mM)175 and therefore, it must be used in MEP at 
a concentration higher than its CMC, since it was not possible to prepare a stable 
miniemulsion at a concentration below its CMC value. In order to avoid the occurrence of 
micellar nucleation as much as possible, another imidazole based IL surfactant with a 
dodecyl hydrocarbon chain (IL 2) was synthesized which as a CMC value of 9.8 mM175, 
much higher than that of IL 1. Few experiments using IL 2 as surfactant, under similar 
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condition of that of IL 1 stabilized MEP, were conducted at a much lower concentration 
compared to its CMC value. As shown in Fig. 12b, the pattern of the curves is almost 
similar for both the ILs. Moreover the average particle size as well as dispersion index 
value were quite close in both cases (Table 3). It indicates the nonexistence of micelles in 
the miniemulsified solution of IL 1 stabilized MEP; otherwise it would produce much 
broader distribution in the particle size analysis of PS 1.  
In the miniemulsion process the formation of droplets as well as their size can be 
influenced by controlling the US time, and thereby an investigation was performed 
regarding the influence of US time on particle size distribution of the PS latex for both IL 
stabilized system. For this purpose, samples were prepared with varying time of US 
(ranging from 1 min to 13 min) during miniemulsification of styrene. After the 
polymerization, the average particles size of the PS latexes was investigated by DLS 
measurement. For both IL stabilized systems, a gradual ecrease in the average particle 
size (Fig. 12b) was observed with increasing time of US. Antonietti  al.90 reported 
similar kind of behavior with other surfactants in MEP as well. This also indicates the 
existence of droplet nucleation in both the systems, which is the predominant mechanistic 
pathway for a typical MEP. In both cases, the particle size of the PS latex became nearly 
constant after 10 minutes of US which can be attributed to the lowest particle size that was 
possible to achieve by the given recipe and conditions. 
Table 3: Characterization of polystyrene nanoparticles synthesized by ionic liquid 
stabilized miniemulsion polymerizationa. 
Sample  Surfactantb Average particle 
size (nm) 
[Dispersion index] 
Mn 
(g/mol) 
 
Dispersion 
index Đ 
Solid 
content 
(wt%)  
Monomerc 
conversion 
(%) 
PS 1 IL 1 97 [0.03] 2.61× 106 2.0 19 100 
PS 2 IL 2 103 [0.05] 2.43× 106 2.2 19 100 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and 
polymerization temperature and time of polymerization were fixed to 10 min, 70°C and 6 hr, 
respectively. 
b Surfactant to monomer mole ratio was fixed to 4×10-3 for both ILs. 
c Monomer conversion was calculated from solid content of the dispersion considering no monomer was 
wasted through the development of coagulum.   
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4.2.4 Investigation of morphology 
The morphology of PS particles was investigated using SEM. The as synthesized 
latex was diluted by adding ca. 250mg of the filtered latex into 20g of water. For the 
preparation of specimen for SEM investigation, one drop of this diluted latex was placed 
on a silicon wafer for air drying followed by sputtering with platinum. The SEM 
investigation showed monodisperse spherical particles in both systems, (IL 1 and IL 2) 
with an average diameter of 120 nm down to 80 nm, depending on the surfactant 
concentration and US time. Fig. 13 shows the SEM images of PS particles prepared by IL 
1 (Fig. 13a) and IL 2 (Fig. 13b) stabilized MEP. 
 
  
Figure 13: SEM image of PS particles synthesized by (a) IL 1 (PS 1) and (b) IL 2 (PS 2) 
stabilized MEP. Surfactant to monomer mole ratio and sonication time was fixed at 4×10-3 
and 10 minutes respectively, in both cases. 
Beside the above images, in some cases, very few particles in the order of 300-400 nm 
were observed. Fig. 14 represents one of such images from the SEM investigation. The 
reason is still not clear. During the particle size analysis of the same sample by DLS, the 
curve showed a monodisperse particle size distribution all through the measurement and 
the dispersion index was also very low (Table 3). This may give an impression that these 
bigger particles might not be the result of Ostwald ripening. But such big particles 
appeared in a very low fraction of the entire specim n. Thus it is almost negligible 
compared to the dominating fraction of smaller PS particles and should not have a 
significant impact on the characteristic of the system as a whole.   
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Figure 14: SEM image of a polystyrene particle of ~300 nm that was visible along with 
the smaller particles during the morphological investigation of PS 1. 
4.2.5 Molecular weight investigation 
The molecular weight and dispersion index (Đ) of the PS particles were investigated 
using size exclusion chromatography (SEC). The solid PS particles were isolated by 
keeping a weighted amount of the filtered latex in a petri dish and drying for overnight. 
The solid particles thus appeared was vacuum dried at room temperature until constant 
weight. For the SEC investigation, chloroform was used as solvent for PS particles and 
polystyrene with known molecular weight was used as st ndard for the measurement. As 
expected in case of a typical MEP, high molecular weight of Mn ~2× 10
6 was developed in 
both IL stabilized MEP, as indicated in Table 3. A full conversion of monomer was 
achieved in a very short time (~3 hr.) although for the purpose of comparison with the 
other experiments in presence of MNP, the polymerization was continued up to 6 hr. In 
both cases, the dispersion index was found to be around 2. 
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4.3 Synthesis of polymer magnetic composite nanoparticles 
using ionic liquid stabilized miniemulsion polymerization 
4.3.1 Hydrophobization of magnetic nanoparticles by oleic acid 
As described earlier, the hydrophilic surface of magnetic nanoparticles (MNP) needs 
to be modified in order to disperse in styrene. Oleic acid (OA) was used for the 
hydrophobization of MNP surface using co-precipitation method143. Iron (III) chloride 
hexahydrate and iron (II) chloride tetrahydrate was eighted in 2:1 mole ratio in a round 
bottomed flask and were dissolved in water. A soluti n of OA in acetone was added into 
the aqueous solution of iron chloride and the soluti ns were mixed together under stirring 
with a mechanical stirrer at 500 rpm under argon atmosphere. After 30 min, 28-30 wt% 
ammonium hydroxide (NH4OH) solution was added dropwise over a period of 10-15 min. 
With the addition of NH4OH, the particles of MNP appeared and the solution tur ed black 
immediately. The resulting mixture was stirred for 1 hr. at room temperature and then 
heated at 85°C for 1 hr. The excess ammonia was remov d by heating at 110°C for more 
than 1 hr. Then the dispersion was cooled to room te perature. The black particles were 
separated using an external magnet and the supernatant liquid was decanted. The particles 
were washed to remove excess ammonia and iron salts (if any). Then the particles were 
washed with methanol to remove excess OA (non-adsorbed OA). Finally the particles were 
dried in vacuum oven at 50°C until constant weight. The content of OA on the MNP 
surface was estimated by TGA analysis, as shown in Fig. 15a. The residue in the TGA 
curve denotes the weight fraction of the inorganic substance (MNP). From the curve, the 
content of OA was estimated to be ~22 wt%. For a comparative study, TGA analysis of 
pure OA was performed and it was shown in F g. 15a. The curve of pure OA showed a 
Tmax of 272°C. The TGA curve of OA modified MNP showed two ranges of weight loss. 
The smaller one appeared in the range between 166 to 266°C which might reflect the 
liberation of residual free OA with a Tmax1 at 211°C whereas a significant weight loss 
appeared in the range between 290 to 440°C with a Tmax at 333°C. This might happen due 
to the decomposition of OA that was attached on the surface of MNP. The magnetization 
curve of OA modified MNP is shown in Fig. 15b. The saturation magnetization of OA 
modified MNP was observed to be 53 emu/g. This MNP has been used in all experiments 
throughout this study. 
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Figure 15: Thermal and magnetic properties of OA modified MNP: (a) TGA curve of pure 
OA and OA modified MNP and (b) magnetization curve of OA modified MNP. 
The hydrophobization of the surface was verified by a comparative dispersion analysis 
between water and toluene as medium (Fig. 16a). The MNP was easily dispersed in 
toluene just by manual shaking whereas in water it was not possible to disperse it even 
with the help of US. TEM investigation of MNP was performed using the diluted 
dispersion of MNP in toluene. The particle size was ob erved mostly around 10-20 nm 
although it appeared as an agglomerated structure. A relatively broad particle size 
distribution was observed. The MNP were found to appe r as aggregates of dark spheres 
up to 28-42 nm surrounded by the attached grey OA layer. The TEM image of OA 
modified MNP is shown in (Fig. 16b). 
  
Figure 16: Colloidal stability and size of oleic acid modified MNP. (a) Dispersion of oleic 
acid modified MNP in toluene and in water showing the hydrophobic nature of the surface 
of MNP; (b) TEM image of oleic acid modified MNP. 
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4.3.2 Synthesis of polymer magnetic composite nanoparticles and 
primary analysis based on stability and particle size investigation 
The synthesis of polymer magnetic composite (PMC) nanoparticles was performed 
using miniemulsion polymerization of styrene in presence of ionic liquid as surfactant and 
hexadecane as costabilizer. At first, three experimnts were performed with IL 1 as 
surfactant with increasing amount of feed MNP from 4 wt% to 12 wt% with respect to 
styrene (PMC 1 to PMC 3 in Table 4). The oleic acid modified MNP was dispersed in 
organic phase containing styrene and hexadecane with the help of sonication in an 
ultrasound bath at room temperature. The initiator (AIBN) was added after the sonication. 
On the other hand, an aqueous solution of IL 1 was prepared by dissolving the IL at a 
concentration of 7×103 in water at~35°C. The organic phase and aqueous pha e was mixed 
together in a glass reactor. The mixture was stirred with the help of mechanical stirrer 
(operating at 600 rpm) to form the pre-emulsion. The pre-emulsified solution was 
miniemulsified with the help of ultrasound sonication (US) to form the styrene droplets in 
water. After miniemulsification, it was polymerized at 70°C for polymerization of styrene 
with the mechanical stirrer rotating at 400 rpm. According to the recipe given in Table 12, 
the theoretical solid content of the dispersions that should be obtained after the completion 
of polymerization was near 20%. The time of polymerization was optimized to be 8 hr, a 
bit longer than polymerization in absence of MNP. It was observed that in case of PMC 1 
(sample with 4 wt% feed MNP with respect to styrene), the solid content of the latex after 
6 hr. of polymerization was around 16%, a bit lower than theoretical value. Expecting 
much lower solid content for the experiments with higher feed MNP concentration, the 
polymerization time was extended to 8 hr. After the polymerization, the latex was filtered 
through a metal mesh to remove the coagulum. A significa t amount of coagulum was 
observed during filtration. The coagulum was collected, dried in vacuum at room 
temperature until constant weight. The filtered disper ion was used for characterizations 
and isolation of composite particles.  
In order to observe the colloidal stability of all three dispersions (PMC 1 to PMC 3), 
ca. 250 mg of the filtered latex was added to 20 g of water. The colloidal stability was 
observed by preserving the diluted latex for long duration at room temperature. Fig. 17 
indicates a gradual decrease in the colloidal stability with increasing amount of feed MNP. 
The least MNP content dispersion (PMC 1 with 4 wt% feed MNP) was observed to be 
very stable throughout an observation time of even 3 weeks.  
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Figure 17: Stability of latexes after dilution (a) immediately and (b) 3 days after 
polymerization 
The sample with 8 wt% feed MNP (PMC 2) showed a reason ble stability where the 
appearance of precipitate was observed only after ke ping the dispersion standing for 
nearly 3 days. The dispersion with 12 wt% feed MNP (PMC 3) showed very poor stability 
which was indicated by an immediate precipitation of the particles from the dispersion. 
Just for the preliminary observation about the magnetism of the particles, an external 
magnet was set, touching the glass vessel that contains he dispersion. The particles 
showed attraction towards the magnet (Fig. 18a) which confirmed the magnetism of the 
particles. The particle size distribution was investigated using DLS analysis (Table 4). The 
samples for DLS analysis was prepared by adding ca. 250 mg of the filtered latex into 
0.01N aqueous NaCl solution. The DLS study shows an increase in the average particle 
size as well as the dispersity index with increasing the amount of feed MNP from 4 to 8 
wt%. Due to the immediate precipitation of PMC nanoparticles from the dispersion of 
PMC 3, DLS could not be performed. For the characteization of PMC nanoparticles, the 
solid PMC nanoparticles were isolated by keeping a weighted amount of the filtered latex 
in a petri dish and drying for overnight at room temperature. The solid particles thus 
appeared was vacuum dried at room temperature until constant weight. The solid content 
of the dispersion was estimated by gravimetric method. The conversion of monomer was 
calculated from the solid content of dispersion considering no monomer/polymer has been 
wasted through the development of coagulum. A positive signal about the magnetism of 
the particles from all three samples was obtained as the solid particles were attracted 
towards the external magnet (Fig. 18b for PMC 2).  
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Figure 18: Magnetism of the nanoparticles (a) from the disper ion of PMC 3 and (b) from 
the isolated and dried sample from PMC 2, proved by the attraction towards external 
magnet. 
The development of coagulum within the reaction vessel was associated with all 
three polymerizations. The amount of coagulum was observed to increase with increase in 
feed MNP content. As the feed MNP content increased beyond 10 wt%, large amount of 
coagulum appeared within the reaction vessel. Table 2 indicates that for the polymerization 
in case of PMC 3 with 12 wt% feed MNP, apart from the instability in the dispersion, as 
shown in Fig. 17, the polymerization produced high amount of coagulum (~35%) as well 
(Fig. 19). Due to the development of such high amount of coagulum, certainly significant 
amount of monomer or polymer was wasted in form of coagulum. Thus the calculation of 
monomer conversion was not possible as that would not give any information about the 
actual conversion of monomer.  
  
Figure 19: (a) Development of coagulum from PMC 3; (b) coagulum from PMC 3 at a 
close look. 
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4.3.3 Thermogravimetric analysis 
The final MNP content of PMC nanoparticles was investigated by TGA. The PMC 
nanoparticles which were isolated from the dispersion were used for TGA analysis. The 
results are summarized in Table 4 along with other data. In case of PMC 1, the final MNP 
content fitted well with the feed MNP content. Considering the monomer conversion of 
95% along with the development of 5 wt% coagulum, the reduction of ~0.8 wt% MNP 
content in the final PMC nanoparticles was satisfactory. As the feed MNP increased to 8 
wt% (PMC 2), the reduction of MNP content in the particles became higher up to 2.5 wt% 
which was not an expected outcome. The loss of MNP became even more pronounced 
when feed MNP was increased to 12 wt% (PMC 3).  
Table 4: Characterization results of polystyrene magnetic composite nanoparticles 
synthesized by ionic liquid stabilized miniemulsion polymerizationa 
Sample Feed MNP 
(wt%)b 
Average particle 
size (nm) 
[Dispersity index] 
Coagulum 
 
(wt%) 
Solid 
Content 
(wt%) 
Conversion of 
monomer 
(%) 
MNP content 
from TGA 
(wt%) 
PMC 1 4 122 [0.03] 5 19 96 3.2 
PMC 2 8 136 [0.07] 8 18 90 5.5 
PMC 3 12 n.d. 35 17 - 8.2 
PMC 4b 8 143 [0.06] 7 18 90 5.8 
a With respect to monomer  
b 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and polymerization 
temperature and time of polymerization were fixed to 10 min, 70°C and 8 hr, respectively.  
c In case of PMC 4, IL 2 was used as surfactant. In all other cases, IL 1 was used as surfactant. In all cases, surfactant 
to monomer mole ratio was fixed to 4×10-3 for both ILs. 
d Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through 
the development of coagulum. Due to very high amount of coagulum in PMC 3, monomer conversion was not 
calculated. 
In order to get an idea about the composition of the coagulum, TGA investigation of the 
coagulum from PMC 3 was performed. TGA result indicated that the coagulum material 
consists of a hybrid substance that contains both organic and inorganic materials (Fig. 
20a). The coagulum was attracted towards an external magnet which confirmed the 
presence of MNP within it (Fig. 20b). This proved that apart from the composite particles 
which have been aimed to prepare via MEP, some bulkcomposite materials were also 
developed in the form of coagulum.    
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Figure 20: Characterization of coagulum from PMC 3. (a) TGA investigation showing 
presence of inorganic (MNP) content along with the organic (PS) materials; (b) Attraction 
towards magnet shows the presence of MNP within it. 
4.3.4 Influence of the structural feature of surfactant 
In order to investigate the influence of hydrocarbon chain length of the surfactant IL 
(or say, the effect of the difference in CMC) an exp riment (PMC 4 in Table 4) was 
performed that used IL 2 as a surfactant for miniemulsion with 8 wt% MNP with respect to 
the monomer. The concentration of IL 2 in water was kept below its CMC to avoid any 
kind of possibility for micelle formation. The recipe was just similar to PMC 2 except the 
surfactant (IL 1 for PMC 2). The stability of both t e dispersions was quite similar. The 
DLS analysis (Table 4) also displayed very similar results showing no difference in the 
particle size distribution. Thus, one can assume again that there is no influence from the 
micellar nucleation in case of IL 1 stabilized MEP otherwise that would result in broader 
particle size distribution. Moreover, altering the surfactant from IL 1 to IL 2 and using IL 2 
below its CMC did not improve the final content of MNP (compare PMC 2 with PCM 4 
Table 4). 
4.3.5 Investigation of morphology 
To find a correlation between the above results andthe morphology of the PMC 
nanoparticles, TEM analysis was performed with the samples with feed MNP content of 8 
wt%. PMC 2 and PMC 4 have been picked up as the sample for analysis as that would 
make a comparative analysis regarding the influence of chain length of IL as a surfactant. 
From the previous discussion (section 4.3.4), it was not expected to find a significant 
difference from the morphological point of view. The TEM analysis itself supported the 
expectations and it was observed that both of them produced a similar kind of morphology 
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throughout the specimen under investigation (Fig. 21). The MNP were not homogeneously 
distributed among all PS particles. A large number of PS particles (which can be termed as 
pure PS) were visible along with a few containing MNP (which can be recognized as real 
composite nanoparticles) (Figure 21a and 21c). The reason for the existence of pure PS 
particles was not, or not only, the micellar nucleation that was thought to happen in case of 
IL 1 stabilized MEP, otherwise such particles would not appear in the IL 2 stabilized MEP 
where the concentration of IL 2 was far below its CM . It might be the strong magnetic 
attraction between the individual MNP which is responsible for such inhomogeneous 
distribution of MNP among the PS particles. Moreover, within the individual composite 
particles, MNP were not delocalized over the entire particle, rather they preferred to 
accumulate on some specific areas near the surface o  th polymer sphere (Figure 21b and 
21d) forming a patchy morphology. Elaissari et al.141 reported a similar kind of 
morphology with surface localization and agglomeration of OA coated MNP in the PS 
particles, synthesized by MEP.  
 
Figure 21: TEM image of the IL stabilized MEP showing inhomogeneous distribution of 
MNP. (a) and (b) represent the morphology from IL 1 stabilized MEP (PMC 2) at two 
different magnifications whereas (c) and (d) represent the same from IL 2 stabilized MEP 
(PMC 4). 
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The reason for such morphology was explained on the basis of the mechanism of AIBN 
initiated MEP where the polymerization propagates towards the surface of monomer 
droplets and as a consequence of that, the MNP werepushed towards the surface of the 
droplet due to the poor compatibility between PS matrix nd attached OA layer on MNP 
surface, as indicated in Fig. 22. Hence, an anisotropic Janus like morphology was 
developed. 
 
Figure 22: Schematic representation of the enrichment of styrene phase with oleic acid 
coated MNP as a result of phase separation between MNP and developing polystyrene 
phase in case of AIBN initiated miniemulsion polymerization. 
Beside the above TEM images, some other areas of the specimen under investigation were 
also analyzed in order to explain the relatively broad particle size distribution as well as 
the development of coagulum. Eventually it was observed that in some areas with MNP 
patches the particles showed an affinity towards agglomeration, possibly due to the 
attraction between MNP which might lead to insufficient stabilization and the formation of 
coagulum. Furthermore, some particles were observed to stick together forming aggregates 
which might end up showing broader particle size distribution (Fig. 23). 
 
Figure 23: TEM image showing the sticking of particles in IL 1 stabilized MEP (PMC 2). 
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4.3.6 Investigation of molecular weight  
The molecular weight distribution of the PS nanoparticles was highly influenced by 
the presence of MNP. The IL stabilized free radical MEP of styrene led to high molecular 
weight of PS in absence of MNP which was quite expected from a heterogeneous 
polymerization system. In the presence of MNP the molecular weight (Mn) reduced to 
some extent (Table 5) and with increase in the feed MNP content reduction of Mn was 
observed.  A very broad distribution was observed in all polymerization in presence of 
MNP. The dispersion index increased from ~2 (PS 1) to 4-5. It confirms the definite 
interference of MNP in the progress of polymerization. It can be assumed that the presence 
of oleic acid on the surface of MNP might influence the polymerization. Due to the 
presence of double bond in the structure of oleic ac d, it might be polymerized in presence 
of AIBN within the droplets and as a result of that p rallel chain started to grow which 
made the distribution broader and also reduced the Mn value.   
Table 5: Characterization of polystyrene of polystyrene magnetic composite nanoparticles 
synthesized by ionic liquid stabilized miniemulsion polymerization 
Sample Feed MNP 
(wt%)a 
Solid content 
(wt%) 
Conversion of 
monomerd 
(%) 
Molecular 
wt. (Mn) 
(g/mol) 
Dispersion index 
(Đ) 
PS 1 - 19 100 2.61× 106 2.0 
PMC 1 4 19 96 2.4×105 5.8 
PMC 2 8 18 90 2.2×105 5.1 
PMC 3 12 17 - 2.0×105 4.1 
PMC 4 b 8 18 90 1.2×105 4.8 
a With respect to monomer  
b 7.98 g styrene, 0.13 g AIBN, 36.0 g water, and 0.575 g hexadecane were used in all cases. The 
sonication time and polymerization temperature and time of polymerization were fixed to 10 min, 
70°C and 8 hr, respectively.  
c In case of PMC 4, IL 2 was used as surfactant. In all other cases, IL 1 was used as surfactant. In 
all cases, surfactant to monomer mole ratio was fixed to 4×10-3 for both ILs. 
d Monomer conversion was calculated from solid content of dispersion considering no monomer 
was wasted through the development of coagulum. Due to v ry high amount of coagulum in PMC 
3, monomer conversion was not calculated.  
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4.3.7 Investigation of magnetic property 
The magnetic properties of the synthesized PMC nanop rticles were investigated using 
VSM analysis. For a comparative study, only IL 1 stabilized samples (PMC 1 to PMC 3) 
having different feed MNP content, was analyzed. In all cases, a typical paramagnetic 
behavior was observed at the experimental condition (Fig. 24). The saturation 
magnetization (Ms) of the samples was in accordance with the final MNP content of the 
system. From PMC 1 to PMC 3, an increase of Ms was clearly visible from the 
magnetization curve although the extent of enhancement was quite low which was in 
accordance with the final MNP content of those samples.  
-30000 -20000 -10000 0 10000 20000 30000
-6
-4
-2
0
2
4
6
M
a
g.
 m
om
en
t
(e
m
u
)/
g
 o
f m
at
e
ria
l
Magnetic field (Oe)
 PMC 1
 PMC 2
 PMC 3
 
Figure 24: Magnetization curve of polystyrene magnetic composite nanoparticles 
synthesized by IL 1 stabilized miniemulsion polymerization. 
From the above results and observations it was assumed that the inefficient 
interaction between PS and OA modified MNP or the inab lity to grasp the MNP inside or 
on the surface of PS spheres due to phase segregation is responsible for the low MNP 
content in the latex compared to the feed. Elaissari et al.141 also found a similar scenario in 
the SDS stabilized MEP for the synthesis of anisotropic magnetic polymer particles where 
only 19 wt% MNP content was possible to achieve from the feed MNP of 30 wt% 
indicating a significant loss of MNP through the formation of coagulum. On the other 
hand, the inhomogeneous distribution of MNP with an agglomerated state also pointed out 
the drawback of the process. Thus an improvement of the recipe was on demand. 
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4.4 Utilization of RAFT mediated miniemulsion polymerization 
in the synthesis of magnetic polystyrene nanoparticles 
The major motivation for the execution of RAFT mediated miniemulsion 
polymerization was to overcome the problem of inhomogeneity in the distribution of 
magnetic nanoparticles (MNP) among the polystyrene (PS) particles as well as the loss of 
MNP through the development of coagulum during the polymerization. From the previous 
investigations with free radical miniemulsion polymerization to synthesize magnetic 
polystyrene particles, it was assumed that the interac ion between the PS particles and the 
surface of MNP was not strong enough to keep the MNP inside or on the surface of PS 
particles. The inhomogeneity in the distribution of MNP might occur due to the inability to 
disperse them all over the system. Thus agglomeration of MNP on the surface of PS 
particles often observed in the TEM images along with PS particles without containing any 
MNP inside or on the surface. Inspired from the structural features of different surface 
modifiers used for MNP (mainly carboxyl functionalized modifier) herein, it was aimed to 
synthesize carboxyl functionalized polystyrene particles which was expected to improve 
the interaction between magnetic nanoparticles and polymer particles. In the context of 
functional polymer synthesis, RAFT polymerization offers the possibility of introducing 
different kinds of terminal functionality through te proper choice of CTA and their 
chemical conversion. Thus a carboxyl functionalized chain transfer agent has been selected 
and has been employed to execute RAFT mediated minie ulsion polymerization of 
styrene in presence of MNP. 
4.4.1 Synthesis of carboxyl functionalized chain transfer agent 
 The synthesis of CTA was performed according to the procedure described in 
section 7.3. Carbondisulfide (0.04 mole), chloroform (0.1 mole), acetone (0.1 mole) was 
mixed in a double jacketed reactor and petroleum benzene was added as solvent. Small 
amount of phase transfer catalyst, tetrabutylammonium hydrogen sulfate (0.8 mmole) was 
added into the mixture and the reactor was cooled with tap water under argon atmosphere. 
A thermometer was inserted into the reactor to observe the temperature of the reaction 
mixture. 50% sodium hydroxide (0.3 mole) was added rop-wise to the reaction mixture 
for 30 minutes. The addition of NaOH was performed carefully so that the temperature 
could not rise above 30°C. After complete addition of NaOH solution, the reaction was 
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carried out for 12 hours. A yellow solid product was obtained which was dissolved in 
water. Then the aqueous layer containing the sodium salt of the chain transfer agent was 
acidified with concentrated hydrochloric acid in orde  to obtain the carboxyl functionalized 
CTA. The solid product was filtered and washed with distilled water and then dried until 
constant weight. The synthetic scheme is shown in Scheme 7. 
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Scheme 7: Schematic representation of the synthesis of carboxyl functionalized chain 
transfer agent. 
4.4.2 Synthesis of functional polystyrene nanoparticles by RAFT 
mediated miniemulsion polymerization 
 Two experiments were performed using IL 1 as surfactant to get information about 
the influence of CTA on the molecular weight development and dispersion index. For the 
execution of RAFT mediated polymerization of styrene, the organic phase was prepared 
first by dissolving CTA in styrene followed by addition of hexadecane and AIBN. The 
mole ratio of AIBN to styrene was fixed to 1.7×10-3. To observe the influence of the 
amount of CTA on the molecular weight of PS, mole ratio of AIBN to CTA was varied 
from 1:2 (PS 3) to 1:3 (PS 4). The aqueous phase wa prepared separately by dissolving IL 
1 at a concentration of 7.2×10-3 mole/L in water at ~35°C. The aqueous IL solution was 
mixed with the organic phase in a glass reactor (Fig. 8a) with the help of mechanical stirrer 
(rotating at 600 rpm) to form the pre-emulsion. The pre-emulsified solution was 
miniemulsified under Ar atmosphere with the help of ultrasound sonication. After 
miniemulsification, the glass reactor was heated to 70°C for RAFT mediated 
polymerization of styrene with the mechanical stirrer rotating at 400 rpm. The 
polymerization was carried out for 14 hr. under Ar atmosphere. The latex was cooled to 
room temperature and filtered through a metal mesh for the removal of coagulum. The 
filtered latex was used for characterizations. For the purpose of comparison, one 
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experiment was also performed using IL 2 as surfactant under same conditions as that of 
PS 3 (Only the concentration of IL 2 was 6.2×10-3 mole/L in water. The particle size 
distribution of the polystyrene latexes was investigated using DLS analysis (Table 6). The 
samples for DLS analysis was prepared by adding ca. 250 mg of the filtered latex into 
0.01N aqueous NaCl solution. All the samples prepard by RAFT mediated MEP showed 
monodisperse particles size distribution in DLS measurement. With increase in the amount 
of CTA from PS 2 to PS 3, the average particles size increased from 125 to 140 nm. Most 
probably it was due to the interaction between carboxyl group of CTA and imidazole 
group from IL which reduced the amount of free IL as surfactant. With increasing amount 
of CTA, more IL was involved in the interaction thus, the actual amount of free surfactant 
was lowered and particle size of PS increased. The mol cular weight was investigated by 
SEC method using chloroform as solvent (Table 6). Irrespective of the nature of IL, a 
large reduction in the molecular weight (Mn) was observed in presence of CTA as 
compared to the free radical MEP. The development of molecular weight was possible to 
control by tuning the AIBN to CTA mole ratio.  With altering the AIBN to CTA mole ratio 
from 1:2 to 1:3, the molecular weight of PS went down from 18000 to 12000 g/mole 
(compare PS 3 and PS 4 in Table 4). Also the dispersion index in all RAFT mediated MEP 
was within 1.5-1.9. Even though itwas not as low as for a typical bulk RAFT 
polymerization177, still it indicated an effective chain transfer in the polymerization.  
Table 6: Characterization results of polystyrene nanoparticles synthesized by ionic liquid 
stabilized RAFT mediated miniemulsion polymerizationa 
Sample  AIBN 
(g) 
CTA 
(g) 
AIBN : CTA 
(mole ratio) 
Average particle 
size (nm) 
[Dispersion index] 
Mn 
(g/mol) 
 
Dispersity 
index (Đ) 
Solid 
content 
(wt%)  
Conversion 
of monomerc 
(%) 
PS 3 0.022 0.076 1:2 125 [0.05] 18000 1.7 16 84 
PS 4 0.022 0.113 1:3 140 [0.07] 12000 1.6 13  70 
PS 5b 0.022 0.076 1:2 133 [0.04] 19000 1.8 16 82 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and polymerization 
temperature and time of polymerization were fixed to 10 min, 70°C and 14 hr, respectively.  
b In case of PS 5, IL 2 was used as surfactant. In all other cases, IL 1 was used as surfactant. The surfactant to monomer 
mole ratio was fixed to 4×10-3 for both ILs. 
c Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through the 
development of coagulum. 
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4.4.3 Bulk RAFT polymerization of styrene as a model reaction for 
structural analysis of functionalized polystyrene  
The main purpose of using a RAFT process in the present study was to successfully 
attach the terminal carboxylic group to the PS chain. But the problem was to confirm the 
presence of terminal carboxyl group in PS chain by an spectroscopic analysis due to the 
still high molecular weight. Hence a model reaction via thermal bulk RAFT 
polymerization of styrene was performed with the same CTA which produced low 
molecular weight PS, to confirm the attachment of terminal carboxylic group at the PS 
chain ends. With an aim to synthesize PS chain withterminal functionality integrated into 
the polymer chain only from the carboxyl terminated CTA, the polymerization was 
performed at high temperature of ~135°C, in absence of initiator, to avoid the attachment 
of initiator moiety into the PS chain end. Scheme 8 represents the thermal bulk RAFT 
polymerization of styrene which produced bi-carboxyl functionalized polystyrene. 
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Scheme 8: Schematic representation of thermal bulk RAFT polymerization of styrene. 
For the execution of polymerization, the carboxyl functionalized CTA was dissolved 
in styrene in 1:100 mole ratio of CTA to styrene. Degassing was performed through 
freeze-thaw cycles few times in order to remove any oxygen inside the reactor. The reactor 
was filled with Ar and the temperature was raised to 135°C to initiate the polymerization. 
After 3 hr. of polymerization the viscous solution was added dropwise into methanol for 
precipitation of polystyrene. The precipitate was washed with excess methanol for the 
removal of unreacted monomer and CTA. Fig. 25 depicts the 1H NMR spectrum of the 
carboxyl functionalized PS (Mn,NMR ~ 4400 g/mol). Using this approach, a bicarboxyl 
functionalized polystyrene macro-CTA (COOH-PS macro CTA) was achieved since the 
CTA part was integrated into the PS chain. 
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Figure 25: 1H NMR spectrum of α,ω-carboxylic acid terminated polystyrene synthesized 
using 2,2′-[carbonothiobis(thio)]bis(2-methylpropionic acid) as chain transfer agent 
(solvent: CDCl3). 
The signal groups from methine protons neighboring to the trithiocarbonyl group 
(4.4 – 4.9 ppm) and from the methyl protons of the 2-methylpropionic acid terminal 
groups (0.8 – 1.05 ppm) can be well observed in the spectrum. The chemical shift of the 
methyl protons corresponds with a 2-methylpropionic acid group bonded to the PS chain 
but not with a trithiocarbonyl group (~ 1.7 ppm from the spectrum of CTA). Considering 
the SCH:CH3 intensity ratio of ~ 1 : 6, a nearly perfect α,ω-termination by 2- 
methylpropionic acid groups bonded to PS can be concluded. This was also confirmed by 
the 13C NMR spectrum (Fig. 26). Based on the 13C NMR data of the CTA (Fig. 50), the 
carboxyl signal of a 2-methylpropionic acid group bonded to trithiocarbonyl is expected at 
~ 180 ppm. Only a very weak signal at 179.3 ppm can be identified by 2D NMR (Fig. 27) 
whereas an intense signal at 183.4 ppm represents the 2-methylpropionic acid group 
bonded to PS. This model bulk RAFT polymerization suggests that the use of this CTA 
results in well-defined PS bearing a trithiocarbonyl group in the backbone and two 
carboxylic acid groups as α,ω-termination. This is well in accordance with the 
polymerization of n-butyl acrylate using a similar CTA178.  
In case of RAFT miniemulsion in presence of AIBN as initiator, synthesis of mono-
carboxylated PS chain was expected due to the chain initiation by the initiator present in 
the system.    
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Figure 26: 13C NMR spectrum of α,ω -carboxylic acid terminated polystyrene synthesized 
using 2,2′-[carbonothiobis(thio)]bis(2-methylpropionic acid) as CTA (solvent: CDCl3). 
 
Figure 27: Region of (a) the HSQC spectrum and of (b) the HMBC spectrum of α,ω-
carboxylic acid terminated polystyrene showing 1JCH correlations for methyl protons and 
carbons and 3JCH correlations for methyl protons and carboxyl carbons (solvent: CDCl3). 
Attention should be paid to the different intensity levels of the correlation peaks for the 2-
methylpropionic acid group bonded to the trithiocarbonyl moiety (1,3; very minor) and for 
2-methylpropionic acid group bonded to PS backbone (1′,3′; very major). 
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4.4.4 Morphology analysis of functionalized polystyrene nanoparticles 
The morphology of the functionalized PS particles was investigated by SEM (Fig. 
28). The as synthesized latex was diluted by adding ca. 250mg of the filtered latex into 20g 
of water. For the preparation of specimen for SEM investigation, one drop of this diluted 
latex was placed on a silicon wafer for air drying followed by sputtering with platinum. 
Nice spherical particles were observed all throughot the specimen. The particle size 
distribution was apparently narrow. The DLS analysis of the dispersion from RAFT 
mediated MEP indicated a narrow particle size distribu ion as well (Table 6). Depending 
on the amount of CTA in the recipe, the particle size was also possible to control. Thus 
functionalized PS particles in the particle size range from 125 to 140 nm were synthesized 
successfully and this established a perfect condition o aim for the synthesis of PMC 
nanoparticles using the RAFT mediated MEP. 
 
Figure 28: SEM image of carboxyl functionalized polystyrene (PS 3) synthesized by 
RAFT mediated ionic liquid stabilized miniemulsion polymerization. 
4.4.5 Synthesis of polymer magnetic composite nanoparticles and 
primary analysis based on stability and particle size investigation 
 RAFT mediated miniemulsion polymerization was performed in presence of 
magnetic nanoparticles to observe the influence of carboxyl functionalized CTA on the 
characteristics of PMC nanoparticles. In order to compare the results with the non-RAFT 
(free radical MEP) system that was discussed earlier, th  concentration of feed MNP was 
fixed at 8 wt% with respect to styrene. The OA modifie  MNP was dispersed in organic 
phase containing styrene, CTA and hexadecane with the elp of sonication for 1 min. in an 
ultrasound bath at room temperature. The initiator (AIBN) was added after the sonication. 
On the other hand, an aqueous solution of IL 1 was prepared by dissolving the IL at a 
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concentration of 7×10-3 in water at~35C. The organic phase and aqueous phase w s mixed 
together in a glass reactor. The mixture was stirred with the help of mechanical stirrer 
(operating at 600 rpm) to form the pre-emulsion. The pre-emulsified solution was 
miniemulsified with the help of ultrasound sonication to form the styrene droplets in water. 
After miniemulsification, it was polymerized at 70°C for polymerization of styrene with 
the mechanical stirrer operating at 400 rpm.  
The outcome of a RAFT polymerization (molecular weight, conversion of monomer 
etc.) highly depends on the several parameters like the relative amount of CTA to 
monomer or initiator, time of polymerization, temperature of polymerization etc. Thus, for 
an appropriate comparative study, first, the influence of mole ratio of initiator to CTA was 
varied from 1:1 to 1:4 (PMC 5 to PMC 7 in Table 7) while carrying out the polymerization 
for 14 hr. Later, the influence of the time of polymerization has also been investigated in a 
single RAFT mediated MEP experiment by varying the time of polymerization for PMC 6. 
During the polymerization of PMC 6, dispersion was t ken out from the reactor at different 
time interval (14hr, 22 hr and 40 hr). In all cases, the latex as obtained after polymerization 
was filtered through a metal mesh for the removal of coagulum and the filtered latex was 
used for characterizations.  
At first, the colloidal stability of the latex was observed. 250mg of the filtered latex 
was added to 20g of water and it was preserved for few days at room temperature. The 
observation on the diluted latex of PMC 6 confirmed a reasonable stability of the latex as it 
remained stable even after 1 week of standing. Fi 29 shows a comparative stability 
difference between PMC 2 (non-RAFT) and PMC 6 (RAFT). Both of them had feed MNP 
concentration of 8 wt %. It was observed that after 1 week of standing, the particles from 
PMC 2 separated out of the colloid system where as still a nice colloidal phase existed for 
PMC 6. All the other samples prepared using RAFT mediat d MEP showed such a good 
colloidal stability even after several weeks from polymerization. The DLS analysis of all 
PMC nanoparticles prepared by RAFT mediated MEP in this study also provided 
reasonably good distribution of the particle size (Table 7). The increase in the average 
particle size of the PMC nanoparticles with increase in AIBN to CTA mole ratio was 
observed here also similar to the case of RAFT mediat  MEP in absence of magnetic 
nanoparticles. it was assumed due to the non-availability of surfactant IL due to the 
interaction between imidazolium moiety of IL and carboxyl group of CTA. Another 
significant observation was that the darkness of the dispersion as, PMC 6 appeared, denser 
than that of PMC 2 although they have similar concentration. It was assumed that this 
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might happen as a result of higher MNP content of PMC 6 dispersion. At a first glance, 
this was an exciting observation which prompted to carry on further characterizations. 
 
Figure 29: Stability of the diluted latex of PMC nanoparticle dispersion (8 wt% feed MNP 
content) synthesized by non-RAFT (PMC 2) and RAFT mediated (PMC 6) MEP; (a) 
immediately and (b) 1 week after polymerization. 
For the characterization of solid PMC nanoparticles, the PMC nanoparticles were 
isolated by keeping a weighted amount of the filtered latex in a petri dish and drying for 
overnight at room temperature. The solid particles thus appeared was vacuum dried at 
room temperature until constant weight. The solid content of the dispersion were estimated 
by gravimetric analysis. The conversion of monomer was calculated from the solid content 
of dispersion considering no monomer/polymer has been wasted through the development 
of coagulum.  
4.4.6 Thermogravimetric analysis 
The content of MNP in the final composite particles was a matter of concern in the 
non-RAFT MEP (Table 4). The content of MNP in the PMC nanoparticles was 
investigated by TGA analysis of the isolated PMC nanoparticles. With increasing the 
amount of CTA in the recipe an enhancement in the MNP content was observed (Table 7). 
A high value of 27 wt% of MNP (PMC 7) could be achieved from a feed MNP 
concentration of 8 wt%. The dispersion was also quite stable even at this high MNP 
content. Comparing the TGA values between the samples repared by RAFT and non-
RAFT mediated MEP, it was found to be quite amazing to attain such a high value of 
MNP content with more stable dispersion. From PMC 5 to PMC 7, with increase in the 
amount of CTA (keeping AIBN constant), it was possible to achieve different MNP 
content within the PMC nanoparticles. Apart from that, the production of coagulum was a 
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critical issue in the non-RAFT process. Here through the RAFT mediated MEP, the 
situation was improved a lot. Sample PMC 6 and PMC 7 were absolutely free of coagulum 
(although PMC 6 with longer polymerization time produced low amount of coagulum). 
Increasing the amount of AIBN while keeping the amount of CTA constant also had a 
significant influence on the content of MNP and development of coagulum. With increase 
in the amount of AIBN the coagulum started to appear r ching a large amount associated 
with the reduction of MNP content in the final PMC nanoparticles (compare PMC 6 and 
PMC 8). Adding more AIBN in the recipe of PMC 8 endd up in a similar sort of outcome 
as in case of non-RAFT process in terms of MNP content as well as coagulum.    
Apart from this, the content of MNP in the final composite could also be adjusted 
from a constant feed amount of MNP, just by controlling the time of polymerization, as 
shown in Table 7, for sample PMC 6. The polymerization of PMC 6 was continued up to 
40 hours to achieve maximum possible conversion. The conversion of monomer, as 
calculated from solid content of the dispersion, increased with the progress of 
polymerization which was expected for a typical RAFT polymerization. This in turn 
resulted in a decrease in the final content of MNP since it approached the feed value. It 
was observed that the MNP content in the resulting PMC nanoparticles, starting from 8 
wt% in the feed, varied from 19.2 to 8.9 wt% depending on the time of polymerization. 
This was quite a nice finding as one can obtain composites with different MNP content 
according to the necessity, just in a single run.  
In order to explain the production of PMC with variation in final MNP content, solid 
content of the synthesized dispersion was estimated gravimetrically for each experiment 
and the monomer conversion that was calculated froms lid content. Table 7 provides the 
value of solid content and corresponding monomer conversion for all PMC nanoparticles 
prepared by RAFT mediated MEP. With increase in the concentration of CTA, the 
monomer conversion as well as solid content was reduced. This was in accordance with 
the expectation as the CTA used to slow down the rat  of polymerization. Thus with 
increasing the molar ratio of CTA to AIBN at a fixed polymerization condition, the 
conversion of monomer becomes lower. The residual mono er that remained in the 
monomer droplets evaporated out during the vacuum drying process leaving the organic 
content (here PS) of the material much lower compared to the theoretical one (what should 
be in case of full conversion). Thus on increasing the amount of CTA in the recipe from 
PMC 5 to PMC 7, a steady decrease in the monomer conversion as well as the solid 
content was observed which in turn resulted in an enhancement of MNP content in the 
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final composite materials. Hence, the TGA investigation of the PMC nanoparticles 
prepared by RAFT mediated MEP always revealed a higher content of MNP compared to 
the theoretically predicted one, except in case of samples with high monomer conversion. 
On the other hand, the non-RAFT MEP with 8 wt% feed MNP, always resulted above 90% 
monomer conversion (PMC 2 and PMC 4 in Table 4) accompanied with a loss of MNP via 
the formation of coagulum. In such cases, the final MNP content of the PMC nanoparticles 
could never reach even near the theoretical value.   
RAFT mediated MEP with IL 2 as surfactant was conducted for the synthesis of 
PMC nanoparticles. The motivation was just to compare between the outcomes from IL 1 
and IL 2 stabilized system in a similar condition (here PMC 8 and PMC 9 respectively). 
Almost similar results were obtained in terms of MNP content, monomer conversion and 
coagulum formation as well. That again indicated that e chain length of the hydrophobic 
part (which determines the CMC value of IL) of IL did not have a significant impact on the 
properties of PMC nanoparticles. In fact, this was expected from the previous observation 
regarding the comparative study between the surfactants. So further investigation with IL 2 
stabilized MEP is not required in the perspective of the present work.  
Table 7: Characterization results of polystyrene magnetic composite nanoparticles 
synthesized by RAFT mediated ionic liquid stabilized miniemulsion polymerizationa  
Sample AIBN : CTA 
(mole ratio) 
Polymerization 
time 
(h) 
Average particle 
size (nm) 
[Dispersion index] 
Coagulum 
(wt%) 
Solid 
content 
(wt%) 
Monomer 
conversiond 
(%) 
MNP content 
from TGA 
(wt%) 
PMC 5 1:1 14 182 [0.09] 3 13 60 13.4 
PMC 6 (14)b 1:2 14 224 [0.12] 0 11 52 19.2 
PMC 6 (22)b 1:2 22 222 [0.17] 2 13 64 11.1 
PMC 6 (40)b 1:2 40 216[0.22] 7 15 74 8.9 
PMC 7 1:4 14 242 [0.29] 0 7 34 27.3 
PMC 8 3:1 20 206 [0.10] 4 15 75 6.8 
PMC 9c 3:1 20 210 [0.12] 6 15 74 7.0 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. In all experiments, feedMNP concentration 
was 8 wt% with respect to styrene. The sonication time and polymerization temperature were fixed to 10 min and 70°C, 
respectively.  
b Values in the parenthesis represent the time (hr) of polymerization in the synthesis of PMC 6. 
c In case of PMC 9, IL 2 was used as surfactant. In all other cases, IL 1 was used as surfactant. In all cases, surfactant to 
monomer mole ratio was fixed to 4×10-3. 
d Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through the 
development of coagulum.  
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4.4.7 Investigation of morphology 
TEM investigation was performed to observe the morph logy of the PMC 
nanoparticles synthesized by RAFT mediated MEP. From Table 7, it can be observed that 
a gradual enhancement in the MNP content of PMC nanop rticles has occurred with 
increasing amount of CTA in the recipe (PMC 5 to PMC 7). Fig. 30 depicts TEM images 
of PMC 6 and PMC 7 with an AIBN to CTA mole ratio of 1:2 and 1:4, respectively. A real 
homogeneous distribution of MNP was observed among the PS particles. Almost no pure 
PS particles were found which is quite satisfactory when compared to the non-RAFT one 
(Fig. 21). Similar to PMC 2, the MNP were found to be attached to the surface of PS 
particles which was expected as all of the experiments in the present work use AIBN 
initiated polymerization. But the difference to PMC 2 was the higher amount of MNP 
attached with PS particles and also their homogeneous distribution.  
  
Figure 30: TEM image of the PMC nanoparticles synthesized by RAFT mediated MEP, 
showing homogeneous distribution of MNP among the PS particles. (a) PMC 6 (14), 
AIBN to CTA = 1:2; (b) PMC 7, AIBN to CTA = 1:4. 
The influence of AIBN to CTA mole ratio on the morphology of PMC nanoparticles has 
been investigated as well. Specimen from PMC 8, with AIBN to CTA mole ratio of 3:1, 
has been analyzed by TEM (Figure 31a). It was compared with PMC 6 having similar 
CTA concentration, but higher amount of AIBN. Due to the higher AIBN concentration, 
the monomer conversion was higher for PMC 8 and as a result of that the MNP content 
was lower. Thus, the TEM image of PMC 8 consisted of lower amount of MNP as 
compared to that of PMC 6 (compare Fig. 30a and 31a). Also like PMC 6, the MNP were 
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observed to distribute among all the PS nanoparticles. But a striking difference was found 
in the location of MNP within the individual PS particles. The MNP were not evenly 
dispersed within the PS particles rather they were confined to a specific area on the surface 
of PS particles, nearly similar to that of PMC 2 or PMC 4. But unlike the inhomogeneous 
morphology of PMC 2 (or PMC 4), here this anisotropic Janus like morphology was 
retained all over the specimen with complete homogeneity. There was no existence of PS 
particles without MNP. This happened due to the effici ncy of CTA regarding the 
distribution of MNP among all PS particles. Altering the surfactant to IL 2 (PMC 9) did 
not affect the morphology as the MNP were nicely distributed in the PS particles (Fig. 
31b). A similar anisotropic morphology developed also in this case. The reason for the 
preferential accumulation of MNP can be speculated on the basis of interaction between 
PS chain and MNP which got reduced with increasing the AIBN content. With less PS 
chains functionalized with COOH end groups, a lower number of chains were able to 
undergo specific interactions with the MNP.  
 
Figure 31: TEM image of (a) PMC 8 and (b) PMC 9 showing anisotropic distribution of 
MNP (Janus like morphology) in all PMC nanoparticles. 
From the above discussion it can be stated that the carboxyl terminated CTA can be 
considered as an effective component in the synthesis of PMC nanoparticles. Besides 
enhancing the MNP content of the PMC nanoparticles it could control the morphology as 
well, depending on the mole ratio of initiator to CTA. The different morphologies that 
were possible to achieve are illustrated in Fig. 32.  
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Figure 32: Representation of the different morphologies that are possible to develop 
through IL stabilized MEP in absence and presence of CTA. 
The morphology I of PMC nanoparticles was quite expected from AIBN initiated MEPs 
and was well explained by Elaissari et al.22 in the SDS stabilized MEP of styrene to 
synthesize anisotropic Janus magnetic polymer particle. But the occurrence of pure PS 
particles could not be avoided. On the other hand, i  case of morphology II a real 
homogeneous distribution of MNP associated with a nice dispersion of MNP inside the PS 
particles was observed in which the molar concentration of CTA was higher than that of 
AIBN. The reason for such morphology was possibly due to the affinity of MNP surface 
towards the carboxylic acid group of PS chain. The affinity of MNP surface towards 
carboxylated CTA has been reported by Lu et al.179 through a ligand exchange reaction of 
OA coated MNP with a carboxyl functionalized CTA in which a partial replacement of 
OA was described by the functionalized CTA. The intraction of CTA with the MNP was 
mostly through the carboxylic acid group and the trithio group present in CTA. In the 
present work, the presence of carboxyl terminated CTA in each of the monomer droplets 
has proved to be an effective way to distribute the MNP homogeneously between all the 
styrene droplets which was absent in case of non-RAFT process as shown in Fig. 21. 
During the RAFT polymerization, the oligomer PS contai ing trithiocarbonyl group and 
carboxylic acid at their chain might interact with the surface of MNP to disperse them 
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inside each PS droplet and as a result of that morphology II developed. The interaction of 
MNP with the carboxyl functionalized PS chain could not be confirmed by Fourier 
transform infrared spectroscopy (FTIR) analysis because of the complexity of the system 
under investigation. Another factor that might play a key role was the low conversion of 
monomer in RAFT mediated MEP and the resulting lower mass of the PS chains which 
made the mobility of MNP inside the droplet much easi r compared to the non-RAFT 
MEP and thereby producing a homogenous dispersion wthin the PS droplet. Increasing 
the concentration of AIBN resulted in a much faster polymerization which led to 
reasonably higher conversion of monomer (PMC 8 and PMC 9 in Table 7) in a similar 
reaction time as for PMC 6 or PMC 7. Consequently the mobility of MNP inside the PS 
droplet became very low and accumulation of the nanop rticles was observed at the 
surface of PS spheres which is represented by morphology III in Fig. 32. Although 
attaining the anisotropic Janus morphology in all PMCs reproducibly has been rather a 
tricky one as a proper optimization of the relative amount of initiator and CTA needs to be 
done. Otherwise, a lower concentration of AIBN will leads to morphology II or a higher 
concentration of AIBN will finally end up producing large amount of coagulum in the 
reaction vessel. 
4.4.8 Investigation of molecular weight 
The appearance of broader distribution through non-RAFT MEP (Table 5) was 
possible to overcome using RAFT mediated MEP. In most of the PMC nanoparticles 
prepared by RAFT mediated MEP, the dispersity index was reduced down to ~1.5 which 
indicated much better control over the polymerization (Table 8). The Mn value was 
possible to adjust by a proper tuning of AIBN to CTA mole ratio and also by monomer 
conversion. In case of PMC 6, a nearly linear increase in molecular weight (Mn) value was 
observed with time of polymerization, consequently with the increase in the conversion of 
monomer which nicely fits with a RAFT polymerization process. The slight deviation from 
the linearity in molecular weight development with respect to time of polymerization (or 
conversion of monomer) can be the impact of MNP within he droplets. On the other hand, 
the influence of AIBN to CTA mole ratio on the Mn value of PMC nanoparticles was 
nicely observed from Table 8. Increasing the amount of CTA (compare PMC 5, PMC 6 
(14) and PMC 7) resulted in lowering of monomer conversion as well as molecular weight 
whereas increasing the amount of AIBN (compare PMC 6 (14) and PMC 8) ended up in 
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higher monomer conversion as well as high value of Mn. The trend remained the same 
when IL 1 was replaced by IL 2 (compare PMC 8 and PMC 9) which was quite expected 
from the previous observations.     
Table 8: Characterization of polystyrene in composite nanoparticles synthesized by RAFT 
mediated ionic liquid stabilized miniemulsion polymerizationa 
Sample AIBN 
(g) 
CTA 
(g) 
AIBN : CTA 
(mole ratio) 
Time of 
Polymerization 
(hr) 
Monomer 
conversiond  
(%) 
Mn 
(g/mol) 
Dispersion 
index (Đ) 
PMC 5 0.022 0.038 1:1 14 60 25000 1.9 
PMC 6 (14)b 0.022 0.076 1:2 14 52 7000 1.5 
PMC 6 (22)b 0.022 0.076 1:2 22 64 14000 1.7 
PMC 6 (40)b 0.022 0.076 1:2 40 74 18000 1.7 
PMC 7 0.022 0.150 1:4 14 34 2500 1.5 
PMC 8 0.130 0.076 3:1 14 75 20000 1.7 
PMC 9c 0.130 0.076 3:1 14 74 20000 1.8 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. In all experiments, feed
MNP concentration was 8 wt% with respect to styrene. The sonication time and polymerization 
temperature were fixed to 10 min and 70°C, respectivly.  
b  Values in the parenthesis represent the time (hr) of polymerization in the synthesis of PMC 6. 
c In case of PMC 9, IL 2 was used as surfactant. In all other cases, IL 1 was used as surfactant. In all 
cases, surfactant to monomer mole ratio was fixed to 4×10-3. 
d Monomer conversion was calculated from solid content of dispersion considering no monomer was 
wasted through the development of coagulum. 
4.4.9 Investigation of magnetic property 
VSM analysis of the samples prepared by RAFT mediat MEP showed higher 
extent of magnetism compared to those prepared by non-RAFT process with similar feed 
MNP content, as shown in Fig. 33. This is obvious from the fact that, in most cases, the 
RAFT mediated MEP ended up with higher MNP content depending on monomer 
conversion; consequently the Ms values became higher. From PMC 5 to PMC 7, with 
increase in MNP content the value of Ms was raised from ~7 emu/g to ~16 emu/g. 
Compared to the sample from non-RAFT process (PMC 2) this happened to be a 
significant enhancement in the Ms value. Among the PMC nanoparticles synthesized in 
this study, PMC 7 displayed the highest value of Ms (16.60 emu/g) as expected from its 
high MNP content (27.3 wt%) composition. Moreover, the magnetization curve clearly 
indicates that it was possible to control the Ms value by tuning the MNP content of the 
PMC nanoparticles through RAFT mediated MEP. From the similar feed MNP content, a 
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different range of Ms could be achieved. This provides a big advantage in the application 
purpose where the extent of magnetization becomes a crucial parameter for the outcome of 
the experiment. On the other hand, the morphological divergence (i.e. from 
inhomogeneous to Janus morphology) did not show any significant difference in the Ms 
values, as indicated by PMC 2 and PMC 8 curve. Only the content of MNP that happened 
to be the decisive factor in the present system. 
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Figure 33: Magnetization curve of PMC nanoparticles synthesiz d by IL 1 stabilized 
RAFT mediated miniemulsion polymerization. For a comparative study, magnetization 
curve of PMC 2 (non-RAFT miniemulsion polymerization with similar feed MNP of 8 
wt%) is included. 
The discussion so far established the usefulness of RAFT mediated MEP for 
producing PMC nanoparticles with control over MNP content as well as morphology of 
the composite nanoparticles. It is obvious from the data in Table 7 that for achieving a high 
MNP content from a low feed amount or to produce particles with different MNP content 
through a single experiment, one must compromise mono er conversion. Sometime 
(especially for a high MNP content sample e.g. PMC 7), the monomer conversion 
remained so low that a large amount of monomer still remained in the colloidal system. In 
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most of the applications involving polymeric materials, unreacted monomers are always an 
unwanted substance too. So, ideally the next motivation was to find a process that can 
provide high MNP content polymers (or close to theoretical value) with full or at least very 
high conversion of monomer. To be practical, this can only be achieved with high feed 
MNP system as a full conversion of monomer would enup with similar composition like 
feed recipe. But from previous investigation regarding IL stabilized MEP, recipe with high 
feed MNP content (e.g. PMC 3 in Table 4) always produced large coagulum, 
inhomogeneous morphology and above all much lower MNP content compared to the feed 
one. On the other hand, investigations on RAFT mediat  miniemulsion for the 
preparation of PMC nanoparticles showed that even a long lasting polymerization never 
ends up with full monomer conversion. An attempt has been made to improve the situation 
by considering the following points: 
1. Single step MEP that can afford to consume high feed MNP content while it ends up 
with homogeneous morphology, reasonably high MNP content without producing 
coagulum. In addition to that the monomer conversion needs to be high enough 
(probably >90%). 
2. Avoiding RAFT polymerization but still keeping the substantial influence of 
functionalized CTA to have good interaction between polymer chains and MNP. 
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4.5 Functional polystyrene as an effective costabilizer for the 
synthesis of polymer magnetic composite nanoparticles 
using miniemulsion polymerization 
Costabilizer plays an important role in miniemulsion polymerization (MEP) by 
retarding the Ostwald ripening of the smaller monomer droplets. In all theexperiments with 
MEP so far, hexadecane has been used as costabilizer. It is probably the mostly used 
costabilizer till now. Even though it plays its role quite nicely, its volatile nature imparts a 
restriction over its utilization in MEP for producing materials for several applications. 
Different costabilizers were already reported to replace the volatile hexadecane, as 
described in section 2.2.4. In the present context of the thesis work, there was a demand 
for the improvement of recipe and thereby it was aimed to find a suitable material which 
has a multipurpose activity like replacing hexadecan  s costabilizer as well as playing a 
significant role for the improvement of interaction between polystyrene particles and 
MNP. 
As already discussed in the previous sections, the pr sence of carboxyl 
functionalized CTA within the monomer droplets had  significant influence in the 
stability of the dispersion, improvement of morphology and enhancement of MNP content 
of PMC nanoparticles. The carboxyl and trithiocarbonyl functionality, which was 
integrated into the PS chains through RAFT polymerization, was efficiently utilized for 
improving the interaction between PS particles and the surface of MNP. Inspired from the 
affinity of MNP surface towards the functionalized polystyrene chains, it was aimed to use 
carboxyl and trithiocarbonyl functionalized polystyrene as a costabilizer in miniemulsion 
polymerization for the preparation of PMC nanoparticles. The functional polystyrene was 
expected to serve in both ways as the polystyrene part should be enough hydrophobic to 
work as costabilizer. On the other hand the presence of functionality would maintain a 
strong interaction with MNP during the polymerization. From a practical viewpoint any 
high molecular weight species is not considered to be an effective costabilizer for the 
execution of MEP. So, a strategy was taken to synthesize reasonably low molecular weight 
(Mn~10,000 g/mole) polystyrene which bears carboxyl and trithiocarbonyl functionality at 
their chain ends. For this purpose, thermal bulk RAFT polymerization of styrene was 
performed using the same CTA as used in this study for the execution of RAFT mediated 
MEP. The experimental procedure was similar to thatdescribed in section 4.4.1 except the 
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time of polymerization was extended to 5 hr. to achieve molecular weight (Mn) near 
10,000 g/mole (previously Mn~5000g/mole was developed through 3 hr. polymerization). 
The investigation by NMR spectroscopy (Fig. 25 and 26) confirmed the attachment of 
functional moiety through this process. In absence of any added initiator into the system, 
the bi-carboxyl functionalized CTA resulted in polyst rene with carboxyl moiety at both 
ends of its chain (Scheme 9).  
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Scheme 9: Reaction scheme for the synthesis of bi-carboxyl functionalized polystyrene 
macro CTA using thermal bulk RAFT polymerization of styrene. 
The molecular weight (Mn) of the bulk PS material was estimated to be ~9000 
g/mole by SEC measurement with dispersity index of 1.7. The carboxylated PS was 
employed as a replacement to hexadecane for the execution of MEP. Moreover, through 
the integration of the functionalities of CTA into the PS chain it was expected to behave 
like a macro CTA during the MEP of styrene. The following sections deal with the 
influence of carboxylated PS both as costabilizer and s a macro CTA in the MEP of 
styrene. 
4.5.1 Miniemulsion polymerization of styrene 
Before aiming for the synthesis of PMC nanoparticles, MEP of styrene was 
conducted in absence of MNP, to observe the efficiency of carboxylated PS as costabilizer. 
IL 2 was taken as the surfactant and the concentration (4.8×10-3 mole/L in water) was kept 
below its CMC. The solid content of the dispersion was maintained at nearly 10 wt%. For 
the execution of MEP, the organic phase was prepared first by dissolving carboxylated PS 
(5 wt% with respect to styrene) in styrene followed by addition of hexadecane and AIBN. 
The mole ratio of AIBN to styrene was fixed to 1.1×10-2. The organic phase was mixed 
with the aqueous IL solution in a glass reactor with the help of mechanical stirrer operating 
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at 600 rpm to form the pre-emulsion. The pre-emulsified solution was miniemulsified for 
10 min under Ar atmosphere with the help of ultrasound sonication. The polymerization 
was performed under Ar atmosphere at 70°C for 8 hr. with the mechanical stirrer operating 
at 400 rpm. The latex was cooled to room temperature and filtered through a metal mesh 
for the removal of coagulum (although no coagulum was observed after the filtration of the 
latex). The filtered latex was used for characterizations. The particle size distribution of the 
polystyrene latex was investigated using DLS analysis. The samples for DLS analysis was 
prepared by adding ca. 250 mg of the filtered latex into 10g of 0.01N aqueous NaCl 
solution. DLS study of the PS latex (PS 6 in Table 9) showed monodisperse particle size 
distribution, although relatively broader than the system with hexadecane as costabilizer. 
The stability of the dispersion (similar concentration as used for DLS without addition of 
salt) was checked by storing it for long time at room temperature (Fig. 34a). The 
dispersion was stable for 3 weeks or even longer. SEM analysis showed nice spherical 
particles all through the specimen in the range of 80-90 nm although few smaller particles 
were also observed (Fig. 34b). The solid PS particles were isolated by air drying of the 
filtered latex. The solid content of the dispersion was estimated by gravimetric method. 
The conversion of monomer was calculated from the solid content of dispersion 
considering no monomer/polymer has been wasted throug  the development of coagulum. 
The morphology of the particles along with the stability of dispersion confirmed the ability 
of carboxylated PS as costabilizer for MEP of styrene.   
  
Figure 34: (a) Colloidal stability of polystyrene latex synthesized by ionic liquid stabilized 
miniemulsion polymerization in presence of carboxylated polystyrene macro CTA as 
costabilizer (PS 6); (b) SEM image of PS 6. 
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4.5.2 Synthesis of magnetic polystyrene nanoparticles and primary 
analysis based on stability and particle size investigation 
The synthesis of PMC nanoparticles was performed according to the recipe 
described in Table 12. Experiments were performed by varying MNP concentration from 
4 wt% to 16 wt% with respect to styrene. In all cases, IL 2 was used as surfactant at a 
concentration of 4.8×10-3 mole/L in water. The OA modified MNP was dispersed in 
organic phase containing styrene and functionalized PS with the help of sonication for 1 
min. in an ultrasound bath at room temperature. The initiator (AIBN) was added after the 
sonication. The mole ratio of AIBN to styrene was fixed to 1.1×10-2. The organic phase 
and aqueous phase was pre-emulsified in a glass reacto  with the help of mechanical stirrer 
operating at 600 rpm. The pre-emulsified solution was miniemulsified with the help of 
ultrasound sonication (US) for 10 min to form the styrene droplets in water. After 
miniemulsification, it was polymerized at 70°C for polymerization of styrene with the 
mechanical stirrer operating at 400 rpm. At first, the colloidal stability of the diluted 
dispersions was observed. For that purpose, the latex was filtered through a metal mesh for 
the removal of coagulum and ca. 250mg of the filtered latex was added into 10g of 0.01N 
aqueous NaCl solution. The period of observation was from the end of polymerization up 
to 3 weeks. In all cases, a real homogeneous and stable dispersion was observed 
throughout the tenure. Fig. 35 represents the stable colloids from the diluted dispersions 
just after the polymerization. This was quite satisf ctory as a poor stability of the 
dispersion was observed previously (PMC 3 with 12 wt% feed MNP) in which hexadecane 
was used as costabilizer. The particle size of the latex was investigated by DLS and is 
shown in Table 9. The samples for DLS analysis was prepared by adding ca. 250mg of the 
filtered latex into 10g of 0.01N aqueous NaCl soluti n. The particle size marginally 
increased with increasing amount of feed MNP. But no such influence was observed on the 
dispersion index value. As a whole, the primary analysis was quite promising regarding the 
synthesis of PMC nanoparticles and their stability using functionalized PS as costabilizer. 
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Figure 35: Stability of PMC nanoparticles synthesized by ionic liquid stabilized 
miniemulsion polymerization with carboxylated polystyrene macro CTA as costabilizer. 
For the characterization of PMC nanoparticles, the solid PMC nanoparticles were isolated 
by keeping a weighted amount of the filtered latex in a petri dish and drying for overnight 
at room temperature. The solid particles thus appeared was vacuum dried at room 
temperature until constant weight. The solid content of the dispersion was estimated by 
gravimetric method. The conversion of monomer was calculated from the solid content of 
dispersion considering no monomer/polymer has been wasted through the development of 
coagulum. 
4.5.3 Thermogravimetric analysis 
The content of MNP in PMC nanoparticles was estimated by TGA analysis of the 
isolated PMC nanoparticles. The final MNP content (Table 9) was nearly similar to the 
systems where hexadecane was used as costabilizer. But the colloidal stability in this case 
was far better. The monomer conversion in all cases except PMC 14 was above 90%, as 
calculated from the solid content of the dispersion. As the monomer conversion reached 
nearly up to the maximum, the PMC nanoparticles were almost free of residual monomer. 
Another positive note was found in terms of development of coagulum. The coagulum in 
the reaction vessel after the polymerization was relly less. Up to PMC 13 (with 12 wt% 
feed MNP), almost no coagulum was observed. Only a little amount adhered to the tip of 
the glass stirrer. However, from PMC 14 (with 16 wt% MNP) it started to develop in a 
relatively large amount and the calculated monomer conversion might not be near to the 
actual value as a significant amount of the monomer or polymer was lost through the 
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development of coagulum. Nevertheless, the use of functional PS as costabilizer proved to 
be a successful attempt to produce stable dispersion of PMC nanoparticles with MNP 
content reasonably fitted to the theoretical value. Possibly a better interaction inside the 
monomer droplets, between the functional PS and MNP was responsible for the 
improvement of stability and MNP content of the composite particles. The influence of 
functional PS was further confirmed from the comparison between samples prepared with 
similar feed MNP content of 8 wt% with respect to mnomer but different amount of 
functionalized PS (PMC 11 and PMC 12). As the amount of functionalized PS was 
increased from 5 wt% to 10 wt% with respect to monomer, the MNP content also 
increased marginally from 6 wt% to 6.5 wt%. 
Table 9: Characterization of polystyrene nanoparticles and polystyrene magnetic 
composite nanoparticles, synthesized by ionic liquid stabilized miniemulsion 
polymerizationa with carboxalted polystyrene macro CTA as costabilizer 
Sample MNP 
content 
(wt%)b 
Functionalized 
PS 
(wt%)b 
Average particle 
size (nm) 
[Dispersion index] 
Coagulum 
(wt%) 
SC 
(wt%) 
Monomer 
conversionc 
(%) 
MNP content 
from TGA 
(wt%) 
PS 6 0 5 182 [0.09] 0 9.9 100 - 
PMC 10 4 5 105.7 [0.10] 0 9.8 98 3.5 
PMC 11 8 5 108.5 [0.12] 2 9.7 94 6.0 
PMC 12 8 10 106.8 [0.12] 1 9.8 94 6.5 
PMC 13 12 10 118.1 [0.17] 3 10.0 92 8.6 
PMC 14 16 10 130.1 [0.17] 8 9.7 85 11 
a 4 g styrene, 0.07 g AIBN, 36.0 g water were used in all cases. IL 2 was used as surfactant and the surfactant to 
monomer mole ratio was fixed to 5.9×10-3. The sonication time and polymerization temperature and time of 
polymerization were fixed to 10 min, 70°C and 8 hr, respectively. 
b With respect to monomer 
c Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through the 
development of coagulum. 
4.5.4 Investigation of morphology 
TEM analysis was performed to observe the influence of functionalized PS on the 
morphology of PMC nanoparticles. From Table 9 it can be observed that a marginal 
improvement in the final MNP content (from 6 wt% to 6.5 wt%) of PMC nanoparticles has 
occurred with increasing amount of functionalized PS in the recipe (PMC 11 to PMC 12). 
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Fig. 36 represents TEM images of PMC 11 and PMC 12, which contain functionalized PS 
of 5 wt% and 10 wt%, respectively in their recipe. The distribution of MNP among the PS 
particles appeared much better in the sample with hig er amount of functionalized PS 
(PMC 12). Most of the particles in PMC 11 appeared as pure PS without any MNP 
attached to them. Moreover, within the individual composite particle, the MNP were not 
dispersed properly and often remained as agglomerate. Another interesting factor was the 
shape of the PS particles which were not really spherical and existence of sticky bridges 
was observed between the polymer particles. With higher amount of functionalized PS 
(PMC 12), the shape of the PS particles became perfctly spherical and the sticky bridges 
seemed to disappear. Also the number of pure PS particles was reduced which indicated 
comparatively better dispersion of MNP with higher amount of functionalized PS in the 
system. But the amount of functionalized PS could not be increased more as that would 
increase the viscosity of the monomer phase which can influence the formation of 
monomer droplets during miniemulsification.  
   
Figure 36: TEM images of PMC 11 (a) and PMC 12 (b) showing i influence of the 
amount of functionalized polystyrene present in the monomer droplets. 
The TEM investigation was continued with sample having higher content of MNP. 
Specimen from PMC 13, with 8.6 wt% final MNP content has been analyzed. The amount 
of functionalized PS was fixed at 10 wt% with respect to styrene. Fig. 37 represents TEM 
images of PMC 13 in two different magnifications. 
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Figure 37: TEM image of (a) PMC 13 showing homogeneous distribu ion of MNP among 
the polystyrene particles; (b) individual PMC nanoparticles showing Janus like 
morphology. 
A nice spherical shape of the composite nanoparticles was observed over the entire range 
of investigation (Fig. 37a). The existence of stable, spherical composite particles indicated 
a significant influence of functional costabilizer fo the preparation of PMC nanoparticles. 
Experiment with similar feed MNP content of 12 wt% in presence of hexadecane as 
costabilizer resulted in highly unstable dispersion. The distribution of MNP among the PS 
particles was also much better as most of the polymer particles had MNP on their surface. 
It can be speculated that the functionality present in PS (bi-carboxyl and trithio group) 
might provide better interaction with the surface of MNP which in turn made the 
dispersion more stable. In order to have a close look on the morphology of individual PMC 
nanoparticles, TEM investigation was performed at higher magnification (Fig. 37b). An 
asymmetric (Janus like) morphology was observed in which the MNP were found to be 
attached to the surface of polymer particles and were localized on one side of the sphere. It 
was similar to what was observed previously in AIBN initiated MEP. The phase separation 
between the developing polystyrene and oleic acid present on the surface of MNP was the 
reason for such anisotropic morphology (Fig. 22).    
4.5.5 Investigation of molecular weight 
The investigation of molecular weight confirmed theinfluence of functionalized PS 
on the molecular weight distribution of PS in the PMC nanoparticles. Table 10 shows the 
data from the SEC analysis of PS particles synthesized both in absence and presence of 
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MNP. In all cases, reasonably high molecular weight was developed. However, it was not 
as high as in case of hexadecane stabilized system, as reported in Table 5. This confirmed 
some kind of involvement of functionalized PS in the polymerization. Apart from that, no 
bimodal distribution was observed at all. The molecular weight (Mn) of functionalized PS 
was ~9000 g\mole. Thus if there was no involvement of functionalized PS in the MEP of 
styrene, one would observe two peaks, one from the functionalized PS in the low 
molecular weight range and the other one from the PS developed through MEP of styrene 
in the higher molecular weight region. From the structure of functionalized PS (Scheme 9), 
it was expected to behave like a macro CTA. In case of MEP with hexadecane as 
costabilizer, the Mn value was always in the order of 10
6 g/mole in absence of MNP 
whereas under similar conditions in presence of functio alized PS as costabilizer, the 
molecular weight was developed in the order of 104. The reduction of Mn through the 
replacement of hexadecane by functionalized PS was also observed in case of experiments 
in presence of MNP. This indicated an efficient chain transfer process which took place in 
presence of the functionalized PS within the monomer droplets although unlike a typical 
RAFT polymerization the molecular weight distribution remained broader in all cases. A 
calculation regarding the mole ratio of AIBN to CTA (considering the molar mass of CTA 
contributing to the overall structure of functionalized PS) indicated very low amount of 
CTA that was actually used in the polymerization. Thus it is obvious that the control over 
the molecular weight distribution would be much lower compared to the case of RAFT 
mediated MEP in presence of CTA (Table 8). Hence, from the SEC investigation it can be 
confirmed that the functionalized PS could act as a macro CTA beside its activity as 
costabilizer. As a result of chain transfer, the functionalized PS could integrate itself in the 
PS chain that was developed through the MEP of styrene. This reveals a very significant 
aspect of the utilization of macro CTA as costabilizer as the functionality could be 
integrated without any additional CTA which is required for the execution of RAFT 
polymerization. Moreover, due to very low amount of CTA present in functionalized PS, 
the polymerization was much faster compared to the RAFT mediated MEP performed 
previously with AIBN to CTA mole ratio of 1:1 to 1:4 (Table 7). In all experiments using 
functionalized PS as costabilizer, high monomer conversion was possible to achieve within 
8 hr. of polymerization.  
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Table 10: Molecular weight distribution of polystyrene in PMC nanoparticles synthesized 
by ionic liquid stabilized miniemulsion polymerization
a
 with carboxylated polystyrene as 
costabilizer    
Sample MNP 
content 
(wt%)b 
AIBN:CTA 
mole ratioc 
Carboxylated PS 
(wt%)b 
SC 
(wt%) 
Monomer 
conversiond 
(%) 
Molecular 
weight (Mn) 
(g/mole) 
Dispersion 
index (Đ) 
PS 6 0 20:1 5 9.9 100 67000 3.7 
PMC 10 4 20:1 5 9.8 98 52500 4.0 
PMC 11 8 20:1 5 9.7 94 53500 4.0 
PMC 12 8 10:1 10 9.8 94 49000 3.5 
PMC 13 12 10:1 10 10.0 92 47000 3.6 
PMC 14 16 10:1 10 9.7 85 42000 3.8 
a 4 g styrene, 0.07 g AIBN, 36.0 g water were used in all cases. IL 2 was used as surfactant and the surfactant to 
monomer mole ratio was fixed to 5.9×10-3. The sonication time and polymerization temperature and time of 
polymerization were fixed to 10 min, 70°C and 8 hr, respectively. 
b With respect to monomer 
c Calculation was performed considering the mole fraction of CTA moiety with respect to the total structure of 
carboxylated polystyrene with Mn of 9000 g/mole.
 
d Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through the 
development of coagulum. 
4.5.6 Investigation of magnetic property 
The magnetization curves of the samples were similar to those reported previously in 
this thesis. The Ms values appeared according to the final MNP content of the samples. 
PMC 14 with higher MNP content had the highest Ms value of all the composites (Fig. 
38). From the experience regarding the investigation of previous samples, it was observed 
that the nature of the curve only depends on the final MNP content, not the morphology of 
the composite materials. Here also no exception was observed. 
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Figure 38: Magnetization curve of PMC nanoparticles prepared by ionic liquid stabilized 
miniemulsion polymerization of styrene in presence of carboxylated polystyrene macro 
CTA as costabilizer. 
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4.6 Synthesis of copolymer magnetic composite nanoparticles 
using miniemulsion polymerization in presence of 
carboxylated polystyrene as costabilizer 
After the successful preparation of magnetic homopolymer (here PS) composites, it 
was aimed to synthesize copolymer magnetic composite (CPMC) nanoparticles. Methyl 
methacrylate (MMA) was taken as comonomer with styrene for the polymerization. Two 
approaches have been taken to prepare the copolymer nanoparticles. The first one was 
executed by copolymerization of styrene and MMA (mixed in equal weight ratio) via 
miniemulsion polymerization in presence of carboxylated PS as costabilizer. In another 
approach, miniemulsion polymerization of MMA was performed in presence of 
carboxylated PS as costabilizer in which the amount of costabilizer was 15 wt% with 
respect to the monomer. Thus the 1st approach was expected to produce copolymers with 
nearly equal weight ratio of PS to PMMA while the 2nd one should be enriched with 
PMMA. In both cases, IL 2 was used as surfactant to stabilize the miniemulsion. In the 
next section the outcome of both the approaches is analyzed. 
4.6.1 Synthesis of copolymer nanoparticles and primary analysis based 
on stability and particle size investigation  
The synthesis of copolymer nanoparticles was performed according to the recipe 
given in Table 11. For the 1st approach, Styrene and MMA was mixed in 1:1 weight ratio 
and carboxylated PS was dissolved in the monomer phase at a concentration of 10 wt% 
with respect to the total weight of the monomers.  In the 2nd approach, the organic phase 
was prepared by dissolving carboxylated PS in MMA at a concentration of 10 wt% with 
respect to MMA. In both cases, IL 2 was taken as the surfactant and the concentration 
(4.8×10-3 mole/L in water) was kept below its CMC. The solid content of the dispersions 
was maintained nearly at 10 wt%. The organic phase was mixed with the aqueous IL 
solution and pre-emulsification was performed. The pre-emulsified solution was 
miniemulsified for 10 min under Ar atmosphere with the help of ultrasound sonication. 
The polymerization was performed under Ar atmosphere at 70°C for 8 hr. with the 
mechanical stirrer operating at 400 rpm. The latex was cooled to room temperature and 
Chapter 4: Result and discussion 
98 
 
filtered through a metal mesh for the removal of coagulum (although no coagulum was 
observed after the filtration of the latex). The filtered latex was used for characterizations.  
The particle size distribution of the copolymer latexes was investigated using DLS 
analysis. The samples for DLS analysis was prepared by adding ca. 250 mg of the filtered 
latex into 10g of 0.01N aqueous NaCl solution. DLS study of the latexes (CP 1 and CP 2 
in Table 11) showed much broader particle size distribution compared to that of 
polystyrene latex synthesized using carboxylated PS as costabilizer under similar 
concentration. The stability of the dispersion (similar concentration as used for DLS 
without addition of salt) was checked by preserving the diluted latex for 3 weeks at room 
temperature. Both the dispersions were quite stable throughout the whole duration (Fig. 
39). The solid PS particles were isolated by air drying of the filtered latex. The solid 
content of the dispersion was estimated by gravimetr c method. The conversion of 
monomer was calculated from the solid content of dispersion considering no 
monomer/polymer has been wasted through the developm nt of coagulum.  
  
Figure 39: Colloidal stability of copolymer latex, (a) CP 1 (styrene and MMA as 
monomer) and (b) CP 2 (MMA as monomer), synthesized by miniemulsion 
polymerization in presence of carboxylated polystyrene macro CTA as costabilizer. 
4.6.2 Investigation of morphology 
The particle shape and size was observed through SEM analysis. In case of CP 1, 
broader particles size distribution was clearly observed. Although all through the 
specimen, nice spherical shaped copolymer particles were visible (Fig. 40a). On the other 
hand for the PMMA enriched sample (CP 2), no uniformity regarding the particle shape 
and size was observed (Fig. 40b). The smaller particles were found to be attached together 
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through bridges. It might be a result of the presence of Ostwald ripening in high extent. 
Thus the carboxylated PS was not proved to be a suit ble costabilizer in the miniemulsion 
polymerization of MMA. The carboxylated PS might not be compatible with the 
developing PMMA phase within the droplets. It confirmed that the selection of monomer 
and the compatibility developing polymer phase with carboxylated PS both play an 
important role for the execution of miniemulsion polymerization in presence of 
carboxylated PS macro CTA as costabilizer. 
 
Figure 40: SEM image of (a) CP 1 (styrene and MMA as monomer) and (b) CP 2 (MMA 
as monomer), synthesized by miniemulsion polymerization in presence of carboxylated 
polystyrene macro CTA as costabilizer. 
4.6.3 Investigation of molecular weight 
The investigation of molecular weight of CP 1 confirmed the influence of 
carboxylated PS as macro CTA on the molecular weight distribution of CP 1. Table 11 
shows the data from the SEC analysis of the copolymer particles. No bimodality was 
observed in the molecular weight distribution which onfirmed the integration of 
carboxylated PS in the PS-PMMA copolymer chain through chain transfer reaction. The 
development of relatively low molecular weight (Mn)of 40000 g/mole (generally for free 
radical MEP, Mn appears in the order of 10
5 or more)indicated the ability of carboxylated 
PS to work as macro CTA in the co-polymerization of styrene and MMA. On the other 
hand, two distinct peaks appeared in the molecular weight distribution curve of CP 2. The 
peak in the lower molecular weight region (~9000 g/mole with Đ=1.7) denotes that of 
carboxylated PS which was added as costabilizer whereas the higher one (~3×105) 
represents that of the developed PMMA chain via free radical MEP. It indicated that the 
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carboxylated PS did not involve in the polymerization of MMA as a macro CTA rather it 
was a typical free radical polymerization initiated by AIBN present in the MMA droplets.  
Table 11: Characterization of the copolymer of styrene and methyl methacrylate 
synthesized by ionic liquid stabilized miniemulsion polymerization
a
 with carboxylated 
polystyrene macro CTA as costabilizer.   
Sample Styrene 
(g) 
MMA 
(g) 
Average particle 
size (nm) 
[Dispersion index] 
Solid 
content 
(wt%) 
Monomer 
conversionb 
(%) 
 (Mn) 
(g/mole) 
Dispersity 
index (Đ) 
CP 1 2 2 80 [0.17] 9.8 98 40000 5.7 
CP 2 - 4 93 [0.18] 9.7 94 9500 (Peak 1) 
4×105 (Peak 2) 
1.7 (Peak 1) 
3.7 (Peak 2) 
a  0.07 g AIBN, 36.0 g water were used in both cases. IL 2 was used as surfactant at a concentration of 4.8×10-3 
mole/L in water. The concentration of carboxylated PS was 10 wt% with respect to the total weight of mnomers. 
The sonication time and polymerization temperature and time of polymerization were fixed to 10 min, 70°C and 8 
hr, respectively. 
b Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through 
the development of coagulum. 
For the synthesis of copolymer magnetic composite (CPMC) nanoparticles, it was 
expected that approach taken in CP 1 would provide much better condition rather than that 
of CP 2. For a comparative study, both the approaches were taken to synthesize CPMC 
nanoparticles. Following section deals with the outc me of the experiments. 
4.6.4 Synthesis of copolymer magnetic composite nanoparticles 
The synthesis of copolymer magnetic composite nanoprticles (CPMC 1 and CPMC 
2) was performed following the recipe described in Table 13. Both the recipes were 
similar to CP 1 and CP 2 respectively, except the presence of MNP. In case of CPMC 1, 
MNP was added to the mixture of styrene and MMA (mixed in 1:1 weight ratio) at a 
concentration of 12 wt% with respect to the total weight of monomers. For CPCM 2, MNP 
was added to MMA (only monomer) at a concentration of 12 wt% with respect to the 
monomer. In both cases, carboxylated PS was dissolved in the monomer phase at a 
concentration of 10 wt% with respect to the total weight of the monomer and the solution 
was subjected to sonication for 1 min. in an ultrasound bath. The organic phase containing 
MNP was mixed with aqueous solution of IL 2 (4.8×10-3 mole/L in water) and subjected to 
pre-emulsification. The pre-emulsified solution was miniemulsified for 10 min under Ar 
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atmosphere with the help of ultrasound sonication. The polymerization was performed 
under Ar atmosphere at 70°C for 8 hr. with the mechanical stirrer operating at 400 rpm. 
The solid content of the dispersions was maintained arly at 10 wt%. After the 
polymerization the latex was cooled to room temperature and filtered through a metal 
mesh for the removal of coagulum. The filtered latex was used for characterizations.  
4.6.5 Characterization of copolymer magnetic composite nanoparticles 
The particle size distribution of the magnetic copolymer latexes was investigated 
using DLS analysis. The samples for DLS analysis waprepared by adding ca. 250 mg of 
the filtered latex into 10g of 0.01N aqueous NaCl solution. DLS study of the latexes 
(CPMC 1 and CPMC 2 in Table 12) showed much broader particle size distribution 
compared to that of the copolymer latex without MNP (CP 1 and CP 2). The stability of 
the dispersion (similar concentration as used for DLS without addition of salt) was 
investigated by preserving the diluted latex for at oom temperature. Both the dispersions 
were stable for first few days (Fig. 41) and then the particles began to separate from the 
colloidal dispersion. For the characterization of CPMC nanoparticles, the solid particles 
were isolated by keeping a weighted amount of the filtered latex in a petri dish and drying 
for overnight at room temperature. The solid particles thus appeared was vacuum dried at 
room temperature until constant weight. The solid content of the dispersion was estimated 
by gravimetric method. The conversion of monomer was c lculated from the solid content 
of dispersion considering no monomer/polymer has been wasted through the development 
of coagulum. 
 
Figure 41: Colloidal dispersion of (a) CPMC 1 (styrene and MMA as monomer) and (b) 
CPMC 2 (MMA as monomer), synthesized by miniemulsion p lymerization in presence of 
carboxylated polystyrene macro CTA as costabilizer.  
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TEM investigation was performed to observe the morph logy of the magnetic 
copolymer particles. In case of CPMC 1, composite particles were observed although 
inhomogeneous distribution of MNP was observed among the copolymer particles (Fig. 
42a). The MNP were found to be localized on few copolymer particles. The existence of 
inhomogeneity in the distribution of MNP might be the result of insufficient interaction 
between carboxylated PS and the surface of MNP. Under similar condition in case of 
styrene as the only monomer, the carboxylated PS was proved to be a highly efficient one 
to distribute the MNP among the polystyrene particles. Thus in the present scenario, it is 
the presence of MMA which might influence the distribution of MNP that might happen 
due to the incompatibility between carboxylated PS and developing PMMA phase. In case 
of CPMC 2, MMA has been used as the only monomer for miniemulsion polymerization 
in presence of carboxylated PS as costabilizer. A few composite particles appeared in the 
TEM investigation although in many cases, MNP were observed to be dispersed in a 
matrix of polymer (Fig. 42b). It indicated that, a proper choice of suitable monomer is 
essential to develop nice particle morphology via MEP in presence of carboxylated PS as 
costabilizer.   
  
Figure 42: TEM image of (a) CPMC 1 (styrene and MMA as monomer) and (b) CPMC 2 
(MMA as monomer), synthesized by miniemulsion polymerization in presence of 
carboxylated polystyrene macro CTA as costabilizer. 
The content of MNP in the magnetic copolymer nanoparticles was estimated by 
TGA analysis of the isolated solid particles. The final MNP content of 6.2 wt% (Table 12) 
was found to be lower than polystyrene composite sample (8.6 wt%) prepared under 
similar condition with 12 wt% feed MNP (Table 9). The insufficient interaction between 
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the copolymer particles and MNP might result in thelower content of MNP within the 
copolymer particles. Nevertheless, the carboxylated PS worked reasonably well to produce 
composite particles. 
    The molecular weight investigation of the copolymer of CPMC nanoparticles 
showed similar result as that of the copolymer particles without MNP. In case of CPMC 1, 
the involvement of carboxylated PS as macro CTA in the copolymerization of styrene and 
MMA could be confirmed from the development of molecular weight around 50000 
g/mole, much lower compared to that of free radical polymerization (in the order of 106). 
The integration of carboxylated PS in the polymer chain might be responsible for the 
existence of MNP on th surface of copolymer particles. On the other hand, a bimodal 
distribution in the SEC curve of CPMC 2 clearly indicated no such involvement of 
carboxylated PS in the polymerization of MMA. Thus a free radical polymerization 
occurred which is attributed to the high molecular weight peak (Table 12). As the 
carboxylated PS was not also a suitable costabilizer for the miniemulsion of MMA, the 
PMMA enriched particles could not maintain the particle morphology and a combination 
of composite particles and naked agglomerates of MNP were observed in the TEM image 
of CPMC 2. 
Table 12: Characterization of copolymer magnetic composite nanoparticles synthesized by 
ionic liquid
a
 stabilized miniemulsion co-polymerization of styrene and methyl 
methacrylate in presence of carboxylated polystyrene macro CTA as costabilizer. 
Sample Styrene 
(g) 
MMA 
(g) 
Average particle 
size (nm) 
[Dispersion index] 
Solid 
content 
(wt%) 
Coagulum 
(wt%) 
Monomer 
conversionb 
(%) 
MNP 
content 
(wt%) 
Molecular 
weight (Mn) 
(g/mole) 
Dispersity 
index (Đ) 
CPMC 1 2 2 102 [0.18] 9.9 2 100 6.2 50000 6.3 
CPMC 2 - 4 123 [0.24] 9.8 3 98 6.2 10000 (Peak 1) 
3×105 (Peak 2) 
1.7 (Peak 1) 
3.7 (Peak 2) 
a  0.07 g AIBN, 36.0 g water were used in both cases. IL 2 was used as surfactant at a concentration of 4.8×10-3 mole/L 
in water. The concentration of carboxylated PS was 10 wt% with respect to the total weight of monomers. The 
sonication time and polymerization temperature and time of polymerization were fixed to 10 min, 70°C and 8 hr, 
respectively. 
b Monomer conversion was calculated from solid content of dispersion considering no monomer was wasted through the 
development of coagulum. 
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5 Conclusion and outlook 
5.1 Conclusion 
The main motivation of the work was to synthesize stable dispersions of polymer 
magnetic composite nanoparticles with high content of magnetic nanoparticles (MNP) 
which might be of interest for a broad range of biomedical application.  The primary goal 
was to establish a recipe with ionic liquid stabilized miniemulsion polymerization for the 
synthesis of monodisperse polystyrene particles which can be used for the synthesis of 
polystyrene magnetic composite particles. But considering the inability of the single step 
miniemulsion polymerization for the preparation of high MNP content polymer particles, it 
was aimed to find a new strategy which can produce such material via a single step 
miniemulsion process. Inspired from the affinity of carboxylic acid group towards the 
surface of MNP, it was aimed to synthesize carboxyl functionalized polystyrene 
macromolecules within the particles which were expected to improve the interaction 
between polymer and magnetic nanoparticles. For this purpose, it was planned to execute 
RAFT mediated minimulsion polymerization in presenc of a carboxyl functionalized 
chain transfer agent. The carboxyl functionalized polystyrene chain was expected to 
interact efficiently with MNP thereby keeping them inside or on the surface of droplets. 
Moreover, during the progress of polymerization, the presence of functionality in the 
droplets should play a significant role in the distribution of MNP among the polymer 
particles.  
Another goal of the work was to replace hexadecane as costabilizer (frequently used 
for miniemulsion polymerization) due to its volatile nature. From the knowledge of the 
affinity of carboxylic acid group towards MNP surface, carboxylated polystyrene was 
selected as a costabilizer. According to the essential characteristics of a costabilizer, it has 
to be of reasonably low molecular weight. It was expected that apart from playing the role 
of a costabilizer the presence of carboxyl moiety can provide better interaction between the 
droplets and MNP. Moreover, the carboxylated polystyrene as synthesized using RAFT 
polymerization can work as a macro chain transfer agent to control the polymerization 
process thereby the functionality can be integrated into the polymer chain which may help 
for the distribution of MNP among the polymer particles.       
The 1st part of the work was focused on the establishment of a suitable recipe for 
the execution of miniemulsion polymerization. This was necessary because a new class of 
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surfactant in the field of MEP, called amphiphilic onic liquid (Fig. 43), were employed for 
the first time in this work. The experiments with IL as surfactant worked quite successfully 
and monodisperse polystyrene nanoparticles were possible to be synthesized using 
miniemulsion polymerization of styrene (Fig. 43). The influence of the structure of IL has 
also been analyzed by performing a comparative study between two ionic liquids having 
different hydrocarbon chain length, in turn different critical micellar concentration. Both of 
them were successful for the execution of MEP of styrene and except a little difference in 
particle size, no other dissimilarities were observed. At the end, for both ionic liquids, a 
suitable recipe with reproducible results was establi hed which could be utilized for the 
synthesis of magnetic polymer magnetic composite nanop rticles. 
N
N
CH2
(CH2)n
CH3
Br-
1-n-hexadecyl-3-methylimidazolium bromide (IL 1) : n = 14
      1-dodecyl-3-methylimidazolium bromide (IL 2) : n = 10
 
  
Figure 43: Structure of amphiphilic ILs used in this study as surfactant for miniemulsoin 
polymerization; SEM image of PS particles synthesizd by (a) IL 1 (PS 1) and (b) IL 2 (PS 
2) stabilized MEP. Surfactant to monomer mole ratio nd sonication time was fixed at 
4×10-3 and 10 minutes respectively, in both cases. 
The 2nd part of the work was focused on the synthesis and characterization of 
polymer magnetic composite nanoparticles. The concentration of feed MNP was varied to 
observe its influence on colloidal stability as well as other properties. The composite 
particles were synthesized successfully and up to 8 wt% feed MNP (PMC 1 and PMC 2), a 
stable dispersion of the magnetic polymer particles wa  observed. The final content of 
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MNP in the composite particles was also satisfactory with respect to the feed MNP 
considering loss of some MNP through coagulum formation.  But feeding 12 wt% MNP 
(PMC 3) resulted in the development of large amount of coagulum associated with 
instability in the dispersion. TGA investigation also confirmed a significantly lower MNP 
content (8.2 wt%) of the composite compared to the feed amount. The morphology (TEM 
analysis) of the sample with 8 wt% feed MNP (PMC 2) showed inhomogeneous 
distribution of MNP among the polystyrene particles and also an agglomeration of MNP 
was observed on the surface of PS particles (Fig. 44). Apart from the presence of 
composite particles, pure polystyrene particles were also found without any MNP attached 
to them. Thus no further experiments were performed with higher feed MNP as those 
would carry a similar character. So, an improvement in he recipe was on demand to 
achieve a stable dispersion of magnetic polymer particles with higher MNP content and 
homogeneous distribution of MNP among the polymer particles. 
The 3rd part of the work was set to find a solution for the difficulties tha  were 
faced in the previous part. For that purpose, polymer agnetic composite nanoparticles 
were prepared using RAFT mediated MEP. The most important parameter in the RAFT 
mediated MEP was the selection of CTA. Inspired from the affinity of carboxylic acid 
moiety towards the surface of MNP, a carboxyl bi-functionalized chain transfer agent was 
selected as the RAFT agent (Scheme 10). The motivation was to increase the interaction of 
MNP within the polymer particles to reduce the loss of MNP. The outcome of the 
experiments was quite impressive. The colloidal stabili y was much better compared to the 
previous case of non-RAFT experiments. From a feed MNP of 8 wt%, a high final MNP 
content up to ~27 wt% could be achieved. The higher MNP content in the final composites 
compared to the feed ratio was a result of the low monomer conversion and could be adjust 
by a proper tuning of AIBN to CTA mole ratio. Even in a single experiment (PMC 6) it 
was possible to achieve different MNP content, just controlling the time of polymerization. 
All the colloidal dispersion of magnetic polymer particles prepared using RAFT mediated 
miniemulsion polymerization was found to be very stable. Another significant influence of 
the carboxyl functionalized chain transfer agent was observed on the morphology of the 
composite nanoparticles. As expected, the interaction between MNP and polystyrene 
particles was enhanced and the MNP were distributed homogeneously among PS particles. 
Moreover, depending on the AIBN to CTA mole ratio, the dispersion of MNP in the 
individual PS particles differed a lot. Higher amount of CTA resulted in a homogeneous 
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dispersion of MNP whereas higher amount of AIBN ended up producing asymmetric 
Janus like particle morphology (Fig. 44).  
 
Figure 44: TEM images of polymer magnetic composite nanoparticles synthesized using 
ionic liquid (IL 1) stabilized miniemulsion polymerization; (a) in absence of CTA (PMC 
2), (b) [AIBN] < [CTA] (PMC 6), (c) [AIBN] > [CTA] (PMC 8). 
Apart from that, due to the presence of chain transfer agent in the polymerization, 
much lower molecular weight of the PS chains was developed compared to the free radical 
process and the molecular weight distribution of PS in the composite nanoparticles became 
much narrower through the RAFT mediated miniemulsion p lymerization. In case of free 
radical process a very broad molecular weight distribution of polystyrene (Đ~5) was 
observed in the presence of MNP whereas through the RAFT process the dispersion index 
was reduced to ~1.7. Thus a relatively good control over the polymerization process was 
achieved in the miniemulsion RAFT polymerization as al o demonstrated by a nearly 
linear increase of molecular weight (Mn) with time of polymerization and thus, monomer 
conversion. 
Apart from the above merits of using RAFT mediated MEP, the major drawback of 
the process was its low monomer conversion, especially for the high MNP content 
material. Thus, after the completion of the experimnt, a large amount of unreacted 
monomer still remained within the colloidal dispersion which required further work up to 
remove that. So, there was the need to find a new pathway which can produce high 
conversion of monomer including the positive outcomes of the RAFT process. 
The 4th part of the work was aimed to utilize carboxyl functionalized polystyrene as 
a costabilizer for the miniemulsion as well as a macro chain transfer agent during the 
polymerization. The motivation of using carboxylated came from the observation 
regarding the efficiency of carboxylic functionalized chain transfer agent to influence the 
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stability, morphology and MNP content of the composite particles. Replacement of a 
volatile material like hexadecane by polymer was also a motivation. For this purpose, a 
low molecular weight carboxyl bi-functionalized polystyrene (4000 g/mole) was 
synthesized by thermal bulk RAFT polymerization using the above described bifunctional 
RAFT agent which resulted in a COOH functionalized macro-CTA (Scheme 10).  
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Scheme 10: Reaction scheme for the synthesis of bi-carboxyl functionalized macro CTA 
using thermal bulk RAFT polymerization of styrene. 
With this macro-CTA added as costabilizer in the IL stabilized, free radical miniemulsion 
of styrene in the presence of MNP, in all cases, high monomer conversion was achieved in 
contrast to carrying out the RAFT polymerization directly as described above.. The 
colloidal stability was also nice and the distributon of MNP among the polystyrene 
particles was much better compared to the system with hexadecane as costabilizer. TGA 
investigation showed reasonably good agreement of the MNP content in the polymer 
particles with respect to the feed amount. Nearly 9 wt% of MNP could be achieved from a 
feed MNP of 12 wt% maintaining the stability of the dispersion. A clear indication was 
observed about the efficiency of the carboxylated polystyrene as a macro chain transfer 
agent when looking at the molecular weight of the resulting products. Significant reduction 
of the Mn value compared to that obtained from the free radical process suggested the 
occurrence of some transfer reactions in the presenc  of carboxylated PS although the 
molecular weight distribution was relatively broader (Đ~4) compared to the typical RAFT 
process. The broader distribution could be explained from a calculation of the actual 
amount of chain transfer agent in the carboxylated polystyrene which indicated the 
presence of very low amount of CTA (AIBN to CTA mole ratio of 20:1) in the droplets. 
Thus more chains were initiated which resulted in a broad distribution of molecular 
weight. However, through the transfer reactions taking place in presence of the macro 
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CTA, the carboxylated polystyrene was integrated into the polystyrene chains developed 
via miniemulsion polymerization of styrene which might result in a better distribution of 
MNP among the polystyrene particles (Fig. 45). Thus the carboxylated polystyrene as 
macro CTA was proved to be an efficient costabilizer to replace hexadecane not only for 
the stabilization of droplets but also for better stability of the dispersion, enhancement in 
the MNP content, control of molecular weight of the d veloping polymer chains and for 
the integration of functionality into the polymer backbone which can provide better 
distribution of MNP among the polymer particles. The strategy of using macro CTA as 
costabilizer has been well utilized for the preparation of magnetic copolymer particles.  
 
Figure 45: TEM images of PMC 13 showing (a) homogeneous distribution of MNP 
among the polystyrene particles; (b) individual PMC nanoparticles showing anisotropic 
Janus like morphology. 
Thus above discussion established the fact that the morphology of the polymer 
magnetic composite nanoparticles could be well controlled by the use of carboxyl 
functionalized CTA as a RAFT agent. On the other hand, the bi-carboxyl functionalized 
macro CTA also showed a significant impact on the distribution of MNP among the 
polystyrene particles. Fig. 46 represents the different morphologies of polymer magnetic 
composite nanoparticles as a model that was achieved using ionic liquid stabilized 
miniemulsion polymerization. 
Finally, it was evaluated if the macro-CTA strategy can also be used successfully for 
the preparation of magnetic composite particles using different monomers like MMA. 
Copolymer particles of styrene and MMA were prepared successfully by miniemulsion. 
The dispersion of the copolymer particles was quite stable and SEM image showed nice 
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particle morphology. Synthesis of magnetic copolymer particles using the similar approach 
successfully produced composite particles with moderate stability of the dispersion 
although the distribution of MNP was inhomogeneous. However, inhomogeneity in the 
morphology and relatively lower content of MNP compared to the homopolymer (styrene 
as only monomer) based system indicated that the carboxylated PS might not be useful as 
costabilizer for miniemulsion polymerization of MMA copolymers or homopolymers. It 
can be concluded that for the execution of miniemulsion polymerization in presence of 
macro CTA as costabilizer, proper selection of monomer and the compatibility of the 
costabilizer with developing polymer phase is very ssential. 
 
Figure 46: Representation of various morphologies of polymer magnetic composite 
nanoparticles synthesized by ionic liquid stabilized miniemulsion polymerization. 
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5.2 Outlook 
In all of the miniemulsion polymerization performed here, amphiphilic ionic liquid 
was used as surfactant. Apparently, it looks not so significant because conventional 
surfactants like SDS or CTAB would provide similar results. But considering its structure 
and properties ionic liquid has also some importance as well. Presence of ionic liquid on 
the surface of polymer particles can impart exciting characteristic through its ion-exchange 
capability. It was already established that the anion of an ionic liquid can be easily 
replaced by several kinds of other anions by a simple ion exchange reaction. This 
technique can be applied to the present system as well. The imidazole based ionic liquids 
used here have bromide ion as the counter anion part. This can be replaced by any 
hydrophobic anion which would help the particles to be dispersed in an organic solvent. 
Thus it is possible to disperse the polymer nanoparticles in both aqueous and organic 
medium. Expanding our view to different ionic liquids can impart more innovation in the 
system. Instead of a simple imidazole based ionic liquid, if polymerizable ionic liquid is 
used as surfactant in miniemulsion polymerization, one can produce polymer particles with 
chemically attached ionic liquid on their surface. Utilizing the ion exchange ability of ionic 
liquids, one can modify the surface of polymer particles according to the purpose. This can 
be really exciting in the field of biomedical applications. Hybrid polymer particles with 
functionality are often quite demanding for drug delivery or protein absorption system. 
Thus hybrid polymer nanoparticles can play a signifcant role with their functionalized 
surface that can bind to proteins or drugs. 
On the other hand, surfactant ionic liquid based on imidazolium cation and 
hydrophobic anion containing long alkyl chain can be utilized to prepare hybrid polymer 
nanoparticles for various applications (Fig. 47). Such an ionic liquid can act as an anionic 
surfactant due to the presence of hydrophobic anion and the imidazole part remains as a 
counter cation. 
N
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1-butyl-3-methyl imidazolium docylsulfate 1-butyl-3-methyl imidazolium dioctyl sulfosuccinate 
Figure 47: Chemical structure of anionic surfactant ionic liquids 
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Presence of imidazolium heterocycles as counter ions ca  provide opportunity to be used 
as catalysts, either by binding metals or providing a  acidic medium suitable for certain 
reactions like Diels-Alder or Friedel-Crafts reactions. Moreover, in absence of any halogen 
these materials can be more environmentally friendly than imidazolium-based ionic liquids 
having bromide or chloride as counter anions.   
Another aspect of the work was the utilization of RAFT mediated miniemulsion 
polymerization to control the MNP content as well as the morphology of the composite 
particles. The control of MNP content can be effectively used according to the purpose of 
the application. A carboxyl functionalized chain transfer agent (CTA) was used for the 
execution of RAFT polymerization. The RAFT polymerization led to end-functionalized 
polymer chain which provided better interaction with the surface of MNP thereby 
improving the distribution of MNP among the polymer particles. The end-functionalization 
of polymer chains within the droplets can be effectively utilized for several other 
nanomaterials or fillers to disperse them inside the individual particles. On the other hand 
there are different kinds of chain transfer agent avail ble or can be synthesized. Beside the 
hydrophobic CTA (which has been used here), amphiphilic CTA can also be used both as 
a RAFT agent and as a surfactant for MEP. Depending o  the functionality of the 
amphiphilic CTA, it can produce polymer particles with different functionality. Using an 
amphiphilic CTA as surfactant can provide a way to avoid the use of conventional 
surfactants. 
A significant outcome of the work was the successful utilization of macro chain 
transfer agent as costabilizer in miniemulsion polymerization. Presence of macro chain 
transfer agent in the droplet offers many advantages. Functional polymer particles can be 
synthesized by using macro CTA as costabilizer and the functionality can be varied 
depending on the functionality present in the structure of chain transfer agent. Selection of 
proper monomer can provide an opportunity to synthesize copolymer nanoparticles 
without adding extra monomer in the system. In the field of hybrid polymer particles, the 
utilization of this strategy can be of significant value. Presence of trithio group along with 
other functionalities (amino, acid etc.) in the macro CTA can improve the encapsulating 
efficiency of the polymer particles. Also the functionalities may influence the distribution 
of nanomaterials (inorganic or organic) among the polymer particles.  
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6 Materials and characterization methods 
6.1 Materials 
1-Methylimidazole, 1-bromohexadecane, 1-bromododecan , carbon disulfide, 
tetrabutylammonium hydrogen sulphate, iron(II) chloride tetrahydrate, iron(III) chloride 
hexahydrate, oleic acid, 28-30% aqueous ammonia were all purchased from Aldrich and 
used as received. Sodium hydroxide (NaOH) pellets (Aldrich) were used to prepare 50% 
NaOH solution. Sodium dodecylsulphate (SDS) (Alfa Aisar), cetyl trimethylammonium 
bromide (CTAB) (Merck), Acetone (Merck), chloroform (Fischer chemicals), hexadecane 
(Fluka), AIBN (Fluka, 98%), concentrated hydrochloric acid (Merck) and petroleum ether 
with boiling point 40-60°C (Merck) were all used as received. Styrene was twice extracted 
with 0.1 N NaOH, followed by washing with water and brine for the removal of the 
stabilizer. Prior to use, it was heated over calcium hydride (Fluka) to 80°C under vacuum 
until the evolution of hydrogen disappeared and distilled under vacuum. MMA was passed 
through a basic alumina column to remove the stabilizer and stored overnight under 
anhydrous magnesium sulfate. It was filtered and distilled under vacuum. Both styrene and 
MMA was kept under nitrogen in a refrigerator. Milipore water was used as the continuous 
phase of miniemulsion. 
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6.2 Characterization methods 
6.2.1 Dynamic light scattering 
The particle size of the latex was measured using a Zet sizer NANO S (Malvern) at 
a fixed scattering angle of 173°. The dynamic light scattering (DLS) measurements were 
performed in aqueous sodium chloride solution (0.01N). 250 mg of the dispersion was 
weighted and ~20g of 0.01 N NaCl solution was added. The given values are the zaverage 
(intensity based). The error of the measurements was about 5%.  
6.2.2 Determination of zeta potential 
Zeta potential of the as synthesized PS latex was determined by means of 
electrophoretic mobility measurement, performed using Zetasizer nano ZS (Malvern 
Instruments, UK). 50 mg of the as synthesized PS latex was mixed with ~20g of 0.01 N 
NaCl solution. For the purpose of the present study to have information about surface 
charge of PS particles, experiments were performed only at the original pH of the 
dispersion.  
6.2.3 Size exclusion chromatography 
Size exclusion chromatography (SEC) measurements were p rformed with an 
apparatus of the Agilent Series 1100 (RI detection, 1PL_MIXED-B-LS-column 
[7,5x300mm] and 10 mm PS gel Agilent column, Chlorof m 1.0mL/min). PS was used as 
standard. This was the standard method for all of the samples. The samples containing 
MNP were filtrated for the removal of MNP before th analysis.  
6.2.4 Scanning electron microscopy 
The Scanning electron microscopy (SEM) was performed with an Ultra 55 plus 
(Zeiss). For the latex with nearly 20% solid content, ~250 mg of the latex was mixed with 
20 g of water to prepare the samples. For the rest,the concentration of the samples was 
maintained according to the solid content of the latex under investigation. For the 
preparation of specimen, one drop of the prepared sample was placed on a C-pad or a 
wafer. After air drying the samples were sputtered with 3 nm Pt.  
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6.2.5 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was performed using a TGA Q5000 TA-
Instruments. After 5 min isothermal at room temperature the temperature was increased up 
to 800°C with 10K/min under nitrogen.  
6.2.6 Transmission electron microscopy 
Transmission electron microscope (TEM) analysis wasperformed by mixing ~50 mg 
of the dispersion with ca. 20g of water(samples with ~20% solid content). The sample 
specimen was prepared by taking 2 µl of the prepared solution on carbon coated copper 
grid. After air drying the sample was investigated by TEM LIBRA 200 (Carl-Zeiss SMT, 
Oberkochen, Germany) operating at acceleration voltage of 200kV. 
6.2.7 Nuclear magnetic resonance 
Nuclear magnetic resonance (NMR) spectra were record d on an Advance III 500 
NMR spectrometer (Bruker Biospin, Germany) operating at 500.13 MHz for 1H and 
125.77 MHz for 13C. CDCl3 was used as solvent, lock and standard (δ(
1H) = 7.26 ppm; 
δ(13C) = 77.0 ppm). 
6.2.8 Vibrating sample magnetometer 
The magnetic properties of the materials were investigated using vibrating sample 
magnetometer (VSM) analysis. A Physical Property Measurement System (PPMS) 
(Quantum design) was used which supplies 9T field through a superconducting coil and 
operates with a vibrating sample magnetometer (Quantum design) in the temperature range 
from 2K to 400K. The sample was fixed in a closed plastic container using a quick fix 
adhesive so that it cannot move inside the container. Then it was attached with the sample 
holder via an adaptor for the VSM measurement.  
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7 Experimental section 
7.1 Synthesis of amphiphilic ionic liquids 
Synthesis of ILs (Fig. 48) was performed according to the procedure followed by Cai 
and Yao et al.180 Briefly, 1-bromoalkane (0.15 mol) and N-methylimidazole (0.125 mol) 
were added into a 250 mL three-necked round-bottomed flask. Isopropanol (20 mL) was 
added to reduce the viscosity. The mixture was stirred for 20 h under reflux at 70°C. After 
removing isopropanol, the product was dissolved in 50 mL water and the excess materials 
were extracted 3 times with 25 mL ethyl acetate each time. The water was evaporated at 
40°C. The product was then dried in a vacuum oven at 40°C until constant weight. The 
structures of ILs along with their 1H and 13C spectrum are shown in Fig. 49.  
 
1-n-Hexadecyl-3-methylimidazolium bromide (IL 1); m.p. 62-65 °C; 1-n-Dodecyl-3-
methylimidazolium bromide (IL 2); m.p. 43-46°C;  
 
NMR (CDCl3): IL1: δ(1H) 10.32 (t, 1H, H1), 7.55 (t, 1H, H2), 7.38 (t, 1H, H3), 4.28 
(t, 2H, H5), 4.10 (s, 3H, H4), 1.88 (m, 2H, H6), 1.4 – 1.2 (26H, H7, H9, H10 and (CH2)10), 
0.84 ppm (t, 3H, H11); δ(13C) 137.62 (C1), 123.41 (C2), 121.67 (C3), 50.17 (C5), 36.74 (C4), 
31.84 (C9), 30.24 (C6), 29.7-28.9 (CH2)10), 26.71 (C7), 22.60 (C10), 14.03 ppm (C11).  
 
IL2: δ(1H) 10.31 (t, 1H, H1), 7.52 (t, 1H, H2), 7.37 (t, 1H, H3), 4.29 (t, 2H, H5), 4.10 
(s, 3H, H4), 1.88 (m, 2H, H6), 1.4 – 1.2 (18H, H7, H9, H10 and (CH2)6), 0.84 ppm (t, 3H, 
H11); δ(13C) 137.48 (C1), 123.49 (C2), 121.73 (C3), 50.13 (C5), 36.72 (C4), 31.80 (C9), 
30.22 (C6), 29.5-28.8 (CH2)6), 26.19 (C7), 22.57 (C10), 14.00 ppm (C11). 
 
IL 1:  n  = 10
IL 2:  n  = 6
Br
NN
H3C CH2 CH2 CH2 CH2 CH2 CH2 CH3
n
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Figure 48: Structure of amphiphilic ionic liquids 
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Figure 49: Structure of ionic liquids; 1H and 13C NMR spectra of IL 1 (a,c) and IL 2 (b,d) 
(solvent: CDCl3) 
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7.2 Hydrophobization of magnetic nanoparticles 
Synthesis of OA coated MNP were performed using co-precipitation technique 
following the method described by Forcada et al.143 with a little modification. Briefly, 3.9 
g of FeCl2, 4H2O and 10.8 g of FeCl3, 6H2O were dissolved in 200 mL of deionized water. 
In another beaker, 3.5 g of OA was dissolved in 120mL of acetone and the above two 
solutions were mixed together under stirring with a mechanical stirrer at 500 rpm under 
argon atmosphere. After 30 min, 25 mL of 28-30 wt% NH4OH solution was added 
dropwise over a period of 10-15 min. The resulting mixture was stirred for 1 hour at room 
temperature and then heated at 85°C for 1 hour. Temperature was raised to 110°C and kept 
for 1 hour more to remove excess ammonia. Then it was cooled to room temperature. The 
black particles were separated using an external magnet and the supernatant liquid was 
decanted. The particles were washed several times with distilled water until the washed 
liquid comes to the pH range ~7-8. Then the particles were washed with methanol to 
remove excess OA (non-adsorbed OA). Finally the particles were dried in vacuum oven at 
50°C until constant weight. 
7.3 Synthesis of bi-carboxyl functionalized chain transfer agent 
2, 2'-[carbonothiobis(thio)]bis[2-methylpropionic acid] 
Synthesis of CTA was performed according to method described by Lai et al.177. 
Briefly, carbondisulfide (3.046g), chloroform (11.938g), tetrabutylammonium hydrogen 
sulfate (0.268g), acetone (5.808g) and 15 ml petrolum benzene were mixed together in a 
double jacketed reactor that was cooled with tap water under argon atmosphere. A 
thermometer was inserted into the reactor to observe the temperature of the reaction 
mixture. 50% NaOH was added drop-wise to the reaction mixture for 30 minutes. After 
complete addition of NaOH solution, the reaction was c rried out for 12 hours. A yellow 
solid product was observed which was dissolved by the addition of 100 ml water. Then the 
aqueous layer was acidified by the addition of 20 ml concentrated HCl with stirring for 30 
minutes under argon atmosphere. The solid product was filtered and washed with distilled 
water and then dried until constant weight. Fig. 50 shows the chemical structure of CTA 
along with its 1H and 13C spectrum.  
NMR (CDCl3): δ(1H) 1.71 ppm (s, H3); δ(13C) 217.2 (C4), 180.0 (C1), 55.8 (C2), 25.2 
ppm (C3); m.p. 172-175°C. 
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Figure 50: Structure of CTA; (a) 1H and (b) 13C NMR spectrum of CTA (solvent: CDCl3). 
7.4 Miniemulsion polymerization of styrene using sodium 
dodecylsulfate as surfactant 
The organic phase was prepared by mixing freshly distilled styrene, hexadecane and 
AIBN. The continuous phase was prepared by dissolving SDS in water. Both the phases 
were mixed in a glass vessel and the mixture was degassed 5 times using Ar/vacuum cycle. 
Then the mixture was stirred using a glass stirrer at 600 rpm under Ar atmosphere for 1 
hour to prepare the pre-emulsion. The miniemulsification was performed by sonication of 
the pre-emulsion for 10 minutes (duty cycle 90%) with an ultrasonic disintegrator Branson 
450W using a ½" minitip under inert atmosphere. During the sonication the reaction vessel 
was kept cool using ice water in order to avoid pre-heating of the dispersion. Finally, the 
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prepared miniemulsion was polymerized under Ar atmosphere at 70°C using a mechanical 
stirrer operating at 400 rpm. The detail recipe is shown in Table 13. 
Table 13: Experimental details for the synthesis of polystyrene nanoparticles by 
miniemulsion polymerization of styrene using SDS as surfactant and hexadecane as 
costabilizer 
Sample  SDS:styrene 
(mole ratio) 
AIBN:styrene 
(mole ratio) 
Average particle size 
(nm) 
[Dispersion index] 
PSSDS 1 2×10-3 2×10-2 122 [0.05] 
PSSDS 2 3×10-3 2×10-2 108 [0.04] 
PSSDS 3 4×10-3 2×10-2 86 [0.04] 
PSSDS 4 5×10-3 2×10-2 79 [0.06] 
PSSDS 5 4×10-3 1×10-2 83 [0.03] 
PSSDS 6 4×10-3 0.7×10-2 86 [0.05] 
PSSDS 7 4×10-3 0.5×10-2 90 [0.07] 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The 
sonication time and polymerization temperature and time of polymerization were 
fixed to 10 min, 70°C and 6 hr, respectively. 
7.5 Miniemulsion polymerization using ionic liquid as 
surfactant 
The continuous phase of the miniemulsion was prepared by dissolving IL in water. 
The organic phase was prepared by mixing freshly distilled monomer (styrene or MMA or 
mixture of both), hexadecane (or carboxylated PS), AIBN and CTA (in case of RAFT 
mediated MEP) until the solid particle dissolves. Both the phases were mixed in a glass 
vessel and the mixture was degassed 5 times using Ar/vacuum cycle. Then the mixture was 
stirred using a glass stirrer at 600 rpm under Ar atmosphere for 1 hour to prepare the pre-
emulsion. The miniemulsification was performed by sonication of the pre-emulsion for 10 
minutes (duty cycle 90%) with an ultrasonic disintegrator Branson 450W using a ½" 
minitip under inert atmosphere. During the sonication the reaction vessel was kept cool 
using ice water in order to avoid pre-heating of the dispersion. Finally, the prepared 
miniemulsion was polymerized under Ar atmosphere at 70°C using a mechanical stirrer 
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operating at 400 rpm. The detail recipe is shown in Table 14 (hexadecane as costabilizer) 
and Table 16/17 (carboxylated PS as costabilizer). 
Table 14: Experimental details for the synthesisa of polystyrene nanoparticles by non-
RAFT and RAFT mediated miniemulsion polymerization using ionic liquid as surfactant 
and hexadecane as costabilizer 
Sample AIBN CTA IL 1 IL 2 React. Time 
 (g) (g) (g) (g) (hr) 
PS 1b 0.130 - 0.10 - 6 
PS 2b 0.130 - - 0.09 6 
PS 3 0.022 0.076 0.10 - 14 
PS 4 0.022 0.113 0.10 - 14 
PS 5 0.022 0.076 - 0.09 14 
a
 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and polymerization 
temperature were fixed to 10 min and 70°C, respectivly (exceptions PS 1 and PS 2).  
b A series of investigations was performed using this recipe to investigate the influence of the concentration of surfactant 
and duration of sonication time on particle size of p lystyrene. 
7.6 Synthesis of magnetic polymer (homo and copolymer) 
composite nanoparticles using ionic liquid stabilized 
miniemulsion polymerization 
The organic phase was prepared by mixing monomer (styrene or MMA or mixture of 
both), oleic acid modified MNP, hexadecane (or carboxylated PS) and CTA (in case of 
RAFT mediated MEP) followed by sonication for 1 minute in an ultrasound bath at room 
temperature. AIBN was added after the sonication. The continuous phase was prepared by 
dissolving IL in water. Both the phases were mixed together in a glass vessel and the 
mixture was degassed 5 times using Ar/vacuum cycle. Th n the mixture was stirred using 
a glass stirrer at 600 rpm under Ar atmosphere for 1 hour to prepare the pre-emulsion. The 
miniemulsification was performed by sonication of the pre-emulsion for 10 minutes (duty 
cycle 90%) with an ultrasonic disintegrator Branson 450W using a ½" minitip under inert 
atmosphere. During the sonication the reaction vessel was kept cool using ice water in 
order to avoid pre-heating of the dispersion. Finally, the prepared miniemulsion was 
polymerized under Ar atmosphere at 70°C using a mechani al stirrer operating at 400 rpm. 
The detail recipe is shown in Table 15 (hexadecane as costabilizer) and Table 16/17 
(carboxylated PS as costabilizer). 
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Table 15: Experimental details for the synthesisa of magnetic polystyrene nanoparticles by 
non-RAFT (free radical) and RAFT mediated miniemulsion polymerization using ionic 
liquid as surfactant and hexadecane as costabilizer 
Sample MNP AIBN CTA IL 1 IL 2 Reaction Time 
 (wt%)b (g) (g) (g) (g) (hr) 
PMC 1 4 0.130 - 0.10 - 8 
PMC 2 8 0.130 - 0.10 - 8 
PMC 3 12 0.130 - 0.10 - 8 
PMC 4 8 0.130 - - 0.09 8 
PMC 5 8 0.022 0.038 0.10 - 14 
PMC 6 (14) 8 0.022 0.076 0.10 - 14 
PMC 6 (22) 8 0.022 0.076 0.10 - 22 
PMC 6 (40) 8 0.022 0.076 0.10 - 40 
PMC 7 8 0.022 0.150 0.10 - 14 
PMC 8 8 0.130 0.076 0.10 - 20 
PMC 9 8 0.130 0.076 - 0.09 20 
a 7.98 g styrene, 36.0 g water, and 0.575 g hexadecane were used in all cases. The sonication time and 
polymerization temperature were fixed to 10 min and70°C, respectively. 
b With respect to monomer.  
Table 16: Experimental details for the synthesisa of polystyrene and magnetic polystyrene 
nanoparticles by miniemulsion polymerization using ionic liquidb as surfactant and 
carboxylated polystyrene as costabilizer 
Sample MNP Carboxylated polystyrene Reaction Time 
 (wt%)c (wt%)c (hr) 
PS 6 0  8 
PMC 10 4 5 8 
PMC 11 8 5 8 
PMC 12 8 10 8 
PMC 13 12 10 8 
PMC 14 16 10 8 
a 4 g styrene, 0.07 g AIBN, 36.0 g water were used in all cases. The sonication time and 
polymerization temperature were fixed to 10 min and70°C, respectively. 
b  IL 2 (0.07 g) was used as surfactant in all experim nts. 
c With respect to monomer.  
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Table 17: Experimental details for the synthesisa of copolymer and magnetic copolymer 
nanoparticles by miniemulsion polymerization using ionic liquidb as surfactant and 
carboxylated polystyrene as costabilizer 
Sample Styrene MMA MNP Carboxylated polystyrene React. Time 
 (g) (g) (wt%)b (wt%)b (hr) 
CP 1 2 2 0 20 8 
CP 2 - 4 0 15 8 
CPMC 1 2 2 12 20 8 
CPMC 2 2 2 12 15 8 
a 0.07 g AIBN, 36.0 g water were used in all cases. The sonication time and polymerization 
temperature were fixed to 10 min and 70°C, respectivly. 
b  IL 2 (0.07 g) was used as surfactant in all experimnts. 
c With respect to the total amount of monomers. 
7.7 Isolation of solid particles from dispersion 
After the polymerization, the coagulum thus developd during polymerization was 
removed from the dispersion by filtering it through a mesh (pore size 20µm) and then used 
the filtered dispersion for further study. The rest in he mesh and the rests from the stirrer 
and the vessel were transferred into a frit using water. The coagulum was washed with 
water and dried in vacuum at room temperature in order to determine the quantity of 
coagulum. To obtain the solid particles (both polymeric and hybrid) about 2 g of the 
filtered dispersion were weighted in a petri dish and kept overnight at room temperature. 
The air dried products were dried in vacuum at room te perature until the weight was 
constant. P4O10 was used as drying agent in the vacuum oven. The dried product was used 
for characterization. 
7.8 Calculation of monomer conversion 
The conversion of monomer was estimated by gravimetr c method considering the 
solid content of the dispersion. Considering the contribution of magnetic nanoparticles in 
the solid content of the dispersion from Polymer magnetic composite nanoparticles, the 
calculation was done using the following equation:  
% Conversion = 

 
  100 
where S is the weight of dried sample, M represents the theoretical weight of MNP in the 
dried sample, V is the theoretical weight of non-volatile, chemically non-reactive 
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component of the recipe in the dried sample, L is the weight of the latex taken for 
determination of monomer conversion and W represents the weight fraction of monomer 
in the recipe. 
7.9 Bulk RAFT polymerization of styrene 
5 g freshly distilled styrene and 0.15 g chain transfer agent was mixed in a round 
bottomed flask. The mixture was degassed using a freeze-thaw-pump cycle for few times 
and finally the flask was filled with Ar and was seal d. The mixture was heated to 135°C 
and it was continued for 3 hr. The mixture was cooled to room temperature and was added 
dropwise to methanol for the precipitation of polystyrene. The precipitate was washed 
several times with methanol and then dried in vacuum oven overnight at 40°C.  
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